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PREFACE

This report describes a complex computer model for analysis of fluid flow
and solute or energy transport in subsurface svstems. The user is cautioned
that while the model will accurately reproduce the physics of flow and transport
when used with proper discretization, it will give meaningful results only for
well-posed problems based on sufficient supporting data.

The user is requested to kindly notify the originating office of any errors
found in this report or in the computer program. Updates will occasionally be
made to both the report and the computer program to include corrections of
errors, addition of processes which may be simulated, and changes in numerical
algorithms. Users who wish to be added to the mailing list for updates may send

a request to the originating office at the following address:

Chief Hydrologist - SUTRA
U.S. Geological Survey
431 National Center
Reston, VA 22092

Copies of the computer program on tape are available at cost of processing
from:

U.S. Geological Survey
WATSTORE Program Office
437 National Center
Reston, VA 22092
Telephone: 703-860-6871

This report has been reviewed by the Public Affairs Office (AFESC/PA) and
is releasable to the National Technical Information Service (NTIS). At NTIS, it

will be available to the general public, including foreign nationals.
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ABSTRACT
SUTRA (Saturated-Unsaturated Transport) is a computer program which
simulates fluid movement and the transport of either energy or dissolved
substances in a subsurface environment. The model employs a two-dimensional
hybrid finite-element and integrated-finite-difference method to approximate
the governing equations that describe the two interdependent processes that

are simulated:

1) fluid density-dependent saturated or unsaturated ground-water flow,

and either

Za) transport of a solute in the ground water, in which the solute may
be subject to: equilibrium adsorption on the porous matrix, and
both first~order and zero-order production or decay,

or,

2b) transport of thermal energy in the ground water and solid matrix of

the aquifer.

SUTRA provides, as the primary calculated result, fluid pressures and either
solute concentrations or temperatures, as they vary with time, everywhere in
the simulated subsurface system. SUTRA may also be used to simulate simpler
subsets of the above process.

SUTRA flow simulation may be employed for areal and cross-sectional
modeling of saturated ground-water flow systems, and for cross-sectional
modeling of unsaturated zone flow. Solute transport simulation using SUTRA
mav be employed to model natural or man-induced chemical species transport in-

cluding processes of solute sorption, production and decay. and may be applied
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to analyze ground-water contaminant transport problems and aquifer restoration
designs. In addition, solute transport simulation with SUTRA may be used for
modeling of variable density leachate movement, and for cross—sectional modeling
of salt-water intrusion in aquifers at near-well or regional scales, with either
dispersed or relatively sharp transition zones between fresh water and salt water.
SUTRA energy transport simulation may be employed to model thermal regimes in
aquifers, subsurface heat conduction, aquifer thermal energy storage systems,
geothermal reservoirs, thermal pollution of aquifers, and natural hydrogeologic
convection systems.

Mesh construction is quite flexible for arbitrary geometries employing
quadrilateral finite elements in Cartesian or radial-cylindrical coordinate
systems. The mesh may be coarsened employing 'pinch nodes' in areas where
transport is unimportant. Permeabilities may be anisotropic and may vary
both in direction and magnitude throughout the system as may most other
aquifer and fluid properties. Boundary conditions, sources and sinks may be
time-dependent. A number of input data checks are made in order to verify the
input data set. An option is available for storing intermediate results and
restarting simulation at the intermediate time. An option to plot results pro-
duces output which may be contoured directly o; the printer paper. Options are
also available to print fluid velocities in the system, to print fluid mass and
solute mass or energy budgets for the system, and to make temporal observations
at points in the system.

Both the mathematical basis for SUTRA and the program structure are highly
general, and are modularized to allow for straightforward addition of new methods
or processes to the simulation. The FORTRAN-77 coding stresses clarity and mod-

ularity rather than efficiency, providing easy access for eventual modifications.
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and density-gravity terms which are involved in velocity calculation. Spurious  fui
velocities can significantly add to the dispersion of solute or energy. This .

B
talse dispersion makes accurate simulation of all but systems with very low - @
vertical concentration or temperature gradients impossible, even with fine ‘
vertical spatial discretization. Velocities as calculated in SUTRA, however, b

are based on a new, consistent, spatial and temporal discretization, as intro-
duced in this report. The consistently-evaluated velocities allow stable and Loy
accurate transport simulation (even at steady state) for systems with large

vertical gradients of concentration or temperature. An example of such a h
system that SUTRA successfully simulates is a cross-sectional regional model

of a coastal aquifer wherein the transition zone between horizontally flowing

fresh water and deep stagnant salt water is relatively narrow.

The time discretization used in SUTRA is based on a backwards finite-

difference approximation for the time derivatives in the balance equations. jﬂ{
Some non-linear coefficients are evaluated at the new time level of solution -".1.
by projection, while others are evaluated at the previous time level for non- j:’ie
iterative solutions. All coefficients are evaluated at the new time level for
iterative solutions. I%

The finite-element method allows the simulation of irregular regions with i
irregular internal discretization. This is made possible through use of quad- .
rilateral elements with four corner nodes. Coefficients and properties of the __!:
system may vary in value throughout the mesh. Manual construction and data pre-

paration for an irregular mesh requires considerable labor, and it may be worth-

while for the user to develop or obtain interactive software for this purpose .‘
in the event that irregular mesh construction is often required. N
A
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also be used for modeling of variable density leachate movement, and for cross-
sectional modeling of salt-water intrusion in aquifers at both near-well or
regional scales with either dispersed or relatively sharp transition zones be-
tween fresh water and salt water. SUTRA energy transport simulation may be
employed to model thermal regimes in aquifers, subsurface heat conduction, aquifer
thermal energy storage systems, geothermal reservoirs, thermal pollution of

aquifers, and natural hydrrzeologic convection systems.

1.5 SUTRA Numerical Methods

SUTRA simulation is based on a hybridization of finite-element and inte-
grated-finite~difference methods employed in the framework of a method of
weighted residuals. The method is robust and accurate when employed with
proper spatial and temporal discretization. Standard finite-element approxi-
mations are employved only for terms in the balance equations which describe
fluxes of fluid mass, solute mass and energv. All other non-flux terms are
approximated with a finite-element mesh version of the integrated-finite-
difference methods. The hybrid method is the simplest and most economical
approach which preserves the mathematical elegance and geometric flexibility
of finite-element simulation, while taking advantage of finite-difference
efficiency.

SUTRA employs a new method for calculation of fluid velocities. Fluid
velocities, when calculated with standard finite-element methods for systems
with variable fluid density, may display spurious numerically generated compo-
nents within each element. These errors are due to fundamental numerical

inconsistencies in spatial and temporal approximations for the pressure gradient
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Almost all aquifer material, flow, and transport parameters may vary in
value throughout the simulated region. Sources and boundary conditions of
fluid, solute and energy may be specified to vary with time or may be constant.

SUTRA dispersion processes include diffusion and two types of fluid
velocity-dependent dispersion. The standard dispersion model for isotropic
media assumes direction-independent values of longitudinal and transverse dis-
persivity. A velocity-dependent dispersion process for anisotropic media is
also provided and is introduced in the SUTRA documentation. This process
assumes that longitudinal dispersivity varies depending on the angle between
the flow direction and the principal axis of aquifer permeability when perme~

ability is anisotropic.

1.4 Some SUTRA Applications

SUTRA may be employed in one- or two-dimensional analyses. Flow and
transport simulation may be either steady-state which requires only a single
solution step, or transient which requires a series of time steps in the numer-
ical solution. Single-step steady-state solutions are usually not appropriate
for non-linear problems with variable density, saturation, viscosity and non-
linear sorption.

SUTRA flow simulation may be employed for areal and cross-sectional
modeling of saturated ground-water flow svstems, and unsaturated zone flow.
Some aquifer tests may be analyzed with flow simulation. SUTRA solute trans-
port simulation may be employed to model natural or man-induced chemical
species transport including processes of solute sorption, production and decay.
Such simulation may be used to analyze ground-water contaminant transport prob-

lems and aquifer restoration designs. SUTRA solute transport simulation may
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1.3 SUTRA Processes

Simulation using SUTRA is in two space dimensions, although a three-
dimensional quality is provided in that the thickness of the two-dimensional
region in the third direction may vary from point to point. Simulation may be
done in either the areal plane or in a cross-sectional view. The spatial coor-
dinate system may be either Cartesian (x,y) or radial-cylindrical (r,z). Areal
simulation is usually phvsically unrealistic for variable-density fluid problems.

Ground-water flow is simulated through numerical solution of a fluid mass

o
balance equation. The ground-water system may be either saturated, or partly or
completely unsaturated. Fluid density may be constant, or vary as a function
of solute concentrations or fluid temperature.

SUTRA tracks the transport of either solute mass or energy in the flowing
ground water through a unified equation which represents the transport of either
solute or energy. Solute transport is simulated through numerical solution of
a solute mass balance equation where solute concentration may affect fluid den-
sity. The single solute species may be transported conservatively, or it may
undergo equilibrium sorption (through linear, Freundlich or Langmuir isotherms).
In addition, the solute may be produced or decay through first- or zero-order
processes.

Energy transport is simulated though numerical solution of an energy bal-
ance equation. The solid grains of the aquifer matrix and fluid are locally
assumed to have equaf temperature, and fluid density and viscosity may be

aftected by the temperature.
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The SUTRA model stresses general applicability, numerical robustness and

accuracy, and clarity in coding. Compugtational efficiency is somewhat dimin- ;:]
ished to preserve these qualities. The modular structure of SUTRA, however -.!,

allows implementation of any eventual changes which may improve efficiency.

Such modifications may be in the configuration of the matrix equations, in the
solution procedure for these equations, or in the finite-element integration
routines. Furthermore, the general nature and flexibility of the input data
allows easy adaptability to user—-friendly and graphic input-output programming.
The modular structure would also ease major changes such as modifications for
multi-layer (quasi~three-dimensional) simulations, or for simultaneous energy
and solute transport simulations.

SUTRA is primarily intended for two-dimensional simulation of flow, and

either solute or energy transport in saturated variable-density systems. While
unsaturated flow and transport processes are included to allow simulation of

some unsaturated problems, SUTRA numerical algorithms are not specialized for

o -
P iy

the non-linearities of unsaturated flow as would be required of a model simu-

AR
PR T B}

o

lating only unsaturated flow. Lacking these special methods, SUTRA requires

o
PP SN

fine spatial and temporal discretization for unsaturated flow, and is therefore

[

not an economical tool for extensive unsaturated flow modeling. The general
unsaturated capability is implemented in SUTRA because it fits simply in the
structure of other non-linear coefficients involved in density-dependent flow ;.
and transport simulation without requiring special algorithms. The unsaturated

flow capability is thus provided as a convenience to the user for occasional

-
analyses rather than as the primary application of this tool. ®




This report describes the physical-mathematical basis and the numerical
methodology of the SUTRA computer code. The report may be divided into three
levels which may be read depending on the reader's interest. The overview of
simulation with SUTRA and methods may be obtained from Chapter 1 - Introduction.
The basis, at a fundamental level, for a reader who will carry out simulations
with SUTRA may be obtained by additional reading of: Chapter 2 - Physical-
Mathematical Basis of SUTRA Simulation, which gives a complete and detailed
description of processes which SUTRA simulates and also describes each physical
parameter required by SUTRA input data, Chapter 3 - Fundamentals of Numerical
Algorithms, which gives an introduction to the numerical aspects of simulation
with SUTRA, Chapter 6 - Simulation Examples, and Chapter 7 - Simulation Setup

which includes the SUTRA Input Data List. Finally, for complete details of SUTRA

methodology, the following additional sections may be read: Chapter 4 - Numerical

Methods, and Chapter 5 - Other Methods and Algorithms. Chapter 4 provides the
detail upon which program modifications may be based, while portions of Chapter 5

are valuable background for certain simulation applications.

1.2 The Model

SUTRA is based on a general physical, mathematical and numerical struc-
ture implemented in the computer code in a modular design. This allows straight-
forward modifications and additions to the code. Eventual modifications may be,
for example, the addition of non-equilibrium sorption (such as two-site models),
equilibrium chemical reactions or chemical kinetics, or addition of over- and

underburden heat loss functions, a well-bore model, or confining bed leakage.
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Chapter 1

Introduction

1.1 Purpose and Scope

SUTRA (Saturated-Unsaturated Transport) is a computer program which
simulates fluid movement and transport of either energy or dissolved substances
in a subsurface environment. The model employs a two-dimensional hybrid finite-
element and integrated-finite-difference method to approximate the governing

equations that describe the two interdependent processes that are simulated:

l) fluid density-dependent saturated or unsaturated ground-water flow,
and either
2a) transport of a solute in the ground water, in which the solute may

be subject to: equilibrium adsorption on the porous matrix, and
both first-order and zero-order production or decay,

or,

Zb) transport of thermal energy in the ground water and solid matrix of

the aquifer.

SUTRA provides, as the primary calculated result, fluid pressures and either
solute concentrations or temperatures, as they vary with time, everywhere in
the simulated subsurface system. SUTRA may also be used to simulate simpler

subsets of the above processes.
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‘Pinch nodes' may be introduced in the finite-element mesh to allow for
quick changes in mesh size from a fine mesh in the region where transport is of
primary interest, to the external region, where only a coarse mesh is needed to
define the flow system. Pinch nodes, although simplifying mesh design and re-
ducing the number of nodes required in a particular mesh, also increases the
matrix equaticn band width. Because SUTRA employs a band solver, the increased
band width due to the use of pinch nodes may offset the gain in computational
efficiency due to fewer nodes. Substitution of a non-band-width-dependent
solver would guarantee the advantage that pinch nodes can provide. However,
mesh designs employing pinch nodes may be experimented with, using the present
solver.

SUTRA includes an optional numerical method based on asymmetric finite
element weighting functions which results in 'upstream weighting' of advective
transport and unsaturated fluid flux terms. Although upstream weighting has
typically been employed to achieve stable, non-oscillatory solutions to trans-
port problems and unsaturated flow problems, the method is not recommended for
general use as it merely changes the physical system being simulated by in-

creasing the magnitude of the dispersion process. A practical use of the method

is, however, to provide a simulation of the sharpest concentration or temperature

variations possible with a given mesh. This is obtained by specifying a simula-

tion with absolutely no physical diffusion or dispersion, and with 50% upstream

weighting. The results may be interpreted as the solution with the minimum

amount of dispersion possible for a stable result in the particular mesh in use.
In general simulation analyses of transport, upstream weighting is dis-

couraged. The non-upstream methods are also provided by SUTRA, and are based
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on svmmetric weighting functions. These methods are robust and accurate when
the finite-element mesh is properly designed for a particular simulation, and

are those which should be used for most transport simulations.

1.6 SUTRA as a Tool of Analysis

SUTRA will provide clear, accurate answers only to well-posed, well-
defined, and well-discretized simulation problems. In less-well-defined
systems, SUTRA simulation can help visualize a conceptual model of the flow
and transport regime, and can aid in deciding between various conceptual models.
In such less-well-defined systems, simulation can help answer questions such as:
Is the (inaccessible) aquifer boundary which is (probably) ten kilometers offshore
either leaky or impermeable? How leaky? Does this boundary affect the primary
analysis of onshore water supply?

SUTRA is not useful for making exact predictions of future responses of
the typical hydrologic systems which are not well defined. Rather, SUTRA is
useful for hypothesis testing and for helping to understand the physics of
such a system. On the other hand, developing an understanding of a system based
on simulation analysis can help make a set of worthwhile predictions which are
predicated on uncertainty of both the physical model design and model parameter
values. In particular, transport simulation which relies on large amounts of
dispersion must be considered an uncertain basis for prediction, because of the
highly idealized description inherent in the SUTRA dispersion process.

A simulation-based prediction made with certainty is often inappropriate,
and an "if-then" prediction is more realistic. A reasonable type of result of

SUTRA simulation analysis may thus be: "Based on the uncertainty in location

. s
ey

o
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and type of boundary condition A, and uncertainty in the distribution of values
for parameters B and C, the following predictions are made. The extreme, but
reasonable combination of A, B, and C results in prediction X; the opposite
reasonable extreme combination of A, B, and C results in prediction Y: the
combination of best estimates of A, B, and C, results in prediction Z, and is
considered most likely."

In some cases, the available real data on a system may be so poor that a
simulation using SUTRA is so ambiguously defined that no prediction at all can

be made. In this instance, the simulation may be used to point out the need for

particular types of data collection. The model could be used to advantage in

visualizing possible regimes of system behavior rather than to determine which

is accurate.
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Chapter 2

e Physical-Mathematical Basis of SUTRA Simulation

The physical mechanisms which drive thermal energy transport and solute

-;3' transport in the subsurface environment are described by nearly identical mathema-

\;3 tical expressions. SUTRA takes advantage of this similarity, and with a simple

program structure provides for simulation of either energy or solute transport.

In fact, SUTRA simulation combines two physical models, one to simulate the flow

of ground water, and the second to simulate the movement of either thermal energy

or a single solute in the ground water.
The primary variable upon which the flow model is based is fluid pressure,

.\ p[M/(L'sz)] = p(x,y,t). Pressure may vary spatially in the ground-water

system, as well as with time. Pressure is expressed as a combination of fluid

. mass units, [M], length units ,[L], and time units in seconds, [s]. Fluid den-

{ sitv may vary depending on the local value of fluid temperature or solute con-
centration. Variation in fluid density, aside from fluid pressure differences,
may itself drive flows. The effects of gravity acting on fluids with different

:) density must therefore be accounted for in the flow field.

The tlow of ground water, in turn, is a fundamental mechanism upon which

-_n’ the physical models of energy transport and solute transport are based. The

.h primaryv variable characterizing the thermal energy distribution in a ground-

jfn water system is fluid temperature, T[{"C] = T(x,y,t), in degrees Celcius, which

"L mav vary spatially and with time. The primary variable characterizing the state

® ot solute distribution in a ground-water system is solute mass fraction,

C{Mg/M] C{x,y,t), which may also vary spatially and with time. The units are

L a ratio of solute mass, [Mg] to fluid mass, [M]. The term 'solute mass fraction’

~ - PREVIOUS PAGE
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may be used interchangeably with 'solute concentration', and no difference should
be implied. Note that 'solute volumetric concentration’, c[Ms/Lf3]. (mass
of solute, Mg, per volume of fluid, Lf3). is not the primary variable
characterizing solute transport referred to either in this report or in output
from the SUTRA model. Note that the measure of solute mass [Mg] may be in
units such as [mgl], [kg], [moles}, or [1bm], and may differ from the measure,
[{M], of fluid mass.
SUTRA allows only the transport of either thermal energy or a single
solute to be modeled in a given simulation. Thus, when simulating energy trans-
port, a constant value of solute concentration is assumed in the ground water.
When simulating solute transport, a constant ground-water temperature is assumed.
SUTRA simulation is carried out in two space dimensions with parameters
varying in these two directions. However, the region of space to be simulated
may be defined as three dimensional, when the assumption is made that all SUTRA
parameters and coefficients have a constant value in the third space direction.
A SUTRA simulation may be carried out over a region defined over two space
coordinates (x,y) in which the thickness of the region measured in the third co-

ordinate direction (z) varies depending on (x,y) position.

2.1 Physical Properties of Solid Matrix and Fluid

Fluid physical properties

The ground-water fluid density and viscosity may vary depending on pressure,

temperature and solute concentration. These fundamental variables are defined

as follows:
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Q' p(x.,v.t) IM/(L-s2)| fluid pressure
b-
=
. T(x.y.t) frcl fluid temperature (degrees Celcius)
Cix,v,t) IMg/MI fluid solute mass fraction

(or solute concentration) (mass
solute per mass total fluid)

As a point of reference. the 'solute volumetric concentration’ is defined in

terms of fluid density. p:

ey YT Y ~
et s ' "w
D 3

c(x,v,t) IM /Lgl solute volumetric concentration
s {mass solute per volume total fluid)

Qi 3

p(x,y.t) lM/LgI fluid density

c = pC (2.1)
P = py +cC (2.2) L
-
L )|
A
Total fluid density is the sum of pure water density, py,. and c. Note again 1235
that ’'solute concentration' refers to solute mass fraction, C, and not c. 'sjﬂ
T
Fluid density. while a weak function of pressure is primarily dependent upon . .1

fluid solute concentration and temperature. The approximate density models

employed by SUTRA are first order Tavlor expansions about a base (reference)

density other density models may be substituted through minor modifications to __:,_'!
N \':
the program. For energy transport: e
:\':'4
gt
30 oG
o = olT) =p + == (T -T) (2.3) NN
o aT o 4
- "1
3 ~ - R
o, lM/Lfl base fluid density at T=T, RSN
To LCl base fluid temperature ;

where p, is the base fluid density at a base (reference) temperature of T,,

and 3dp/8T is a constant value of density change with temperature. For the
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range 20°C to 60°C, 9p/dT is approximately -.375 [kg/(m3-°C)]); however,
this factor varies and should be carefully chosen for the temperature range
of interest.

For solute transport:

- x LI
p p(C) Py + 3C (C CO) (2.4)
3 . . .
p iM/L] base fluid density at C=C
o} t o
C0 [MS/M] base fluid solute concentration

where p, is the base fluid density at base concentration, C,. (Usually,
Co= 0, and the base density is that of pure water.) The factor dp/dC is
a constant value of density change with concentration. For example, for mix-
tures of fresh and sea water at 20°C, when C is the mass fraction of total
dissolved solids, Cy = 0, and py = 993.2 {kg/m3}, then the factor, 3p/dC,
is approximately 700. [kg/m3].

Fluid viscosity, u [M/Lf-s], is a weak function of pressure and of con-
centration, (for all except very high concentrations), and depends primarily on
fluid temperature. For energy transport the viscosity of pure water is given

in m-k-s units by:
( 248.37 )
~7 T+133.15 .
W(T) = (239.4 x 10770 1o TH33D5 ke iimesy ] (2.5)
{The units may be converted to those desired via a scale factor in the program
input data.)

For solute transport, viscosity is taken to be constant. For example, at 20°C

in m-k-s units:

piC) T 1.0 x 1()_* [kg/(m-s) ] (2.6)

= 207"
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Properties of fluid within the solid matrix

The total volume of a porous medium is composed of a matrix of solid grains
typically of solid earth materials, and of void space which includes the entire
remaining volume which the solid does not fill. The volume of void space may be
fully or partly filled with gas or liquid, and is commonly referred to as the
pore volume. Porosity is defined as a volume of voids in the soil matrix per
total volume of voids plus matrix:

e(x,y,t) {1] porosity

(volume of voids per total volume)

where [1] indicates a {imensionless quantity.

It should be noted that SUTRA employs only one type of porosity, €. In
some instances there may be need to distinguish between a porosity for pores
which take part in fluid flow, and pores which contain stagnant fluid. (Mod-

itications may be made by the user to include this process.)

The fraction of total volume filled by the fluid is €S,, where:

{1} water saturation (saturation)
(volume of water per volume of voids)

Sulx,y,t)

When S, = 1, the void space is completely filled with fluid and is said to
be saturated. When S, < 1, the void space is only partly water filled and
is referred to as being unsaturated.

When S, < 1, water adheres to the surface of solid grains by surface ten-
sion effects, and the fluid pressure is less than atmospheric. Fluid pressure,
The negative

p, is measured with respect to background or atmospheric pressure.

pressure is defined as capillary pressure, which exists only for p < O:

t
I, .
j R
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pc(x.y.t) [MI(L-SZ)} capillary pressure 4
p = -p when p < O ;j

€ ®

P, = 0 when p > 0 (2.7) iR

.

In a saturated porous medium, as fluid (gauge) pressure drops below zero, air

s

may not directly enter the void space, but may enter suddenly when a critical

capillary pressure is reached. This pressure, p.onr. is the entry pressure

N

RN )

{or bubble pressure):

Pcent [M/(L-s2)] entry capillary pressure

! e A AT

Typical values for p.ept range from about 1. x 103 [kg/(m-sz)] for coarse

R

sand to approximately 5. x 103 [kg/(m~sz)] for fine silty sand.

The relationship between fluid saturation and capillary pressure in a given

1
J

medium is typically determined by laboratory experiment, and except for the

¢

portion near bubble pressure, tends to have an exponential character (Figure 2.1).

s
:
P T G I

Different functional relationships exists for different materials as measured in

the laboratory. Also a number of general functions with parameters to be fitted

'1 e
A“-‘[

3

¢
PSS A e §

to laboratory data are available. Because of the variety of possible functions,

no particular function is set by SUTRA; any desired function may be specified

for simulation of unsaturated flow. For example, a general function with three

fitting parameters is (Van Genuchten, 1980):

(2.8) -
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Figure 2.1
Saturation-capillary pressure relationship (schematic).
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where S, ,..5 is a residual saturation below which saturation is not expected to

fall (because the fluid becomes immobile), and both a and n are parameters. The

@

values of these parameters depend upon a number of factors and must be carefully =
- :{

chosen for a particular material. o
The total mass of fluid contained in a total volume, VOL, of solid matrix T

, , . @

plus pore space is (€S ,p)VOL. The actual amount of total fluid mass contained S

depends solely on fluid pressure, p, and solute concentration, C, or fluid temp- R

erature, T. A change in total fluid mass in a volume, assuming VOL is constant,

is expressed as follows:

Q(ESwp) B(ESwp)
VOL-d(€S p) = VOL - [————35——— dp + ——— du] (2.9)

where U represents either C or T. Saturation, Sw‘ is entirely dependent on

‘@

fluid pressure, and porosity, ¢, does not depend on concentration or temperature: ;ﬁ

(e 8Sw 3 -

VOL-d(eS p) = voL-[(s SLERL 4 o My 4 e 22 gy (2.10) b

w w dp ap w dU hy

L J

The factor, BSw/Bp, is obtained by differentiation of the chosen saturation- -
capillary pressure relationship. For the example function given as (2.8),

!
- S
ds a(n-1) (1—5 ) !ap )(“ D o
W wres C 4
=4

= 2 .
dp 2n-l) (2.11) -

n -.
(l + (apc) n N
The factor, dp/dU, is a constant value defined by the assumed density medels, f%
*
given by equations (2,3) and (2.4). -
Aquifer storativity under fully saturated conditions is related to the ::
tactor, dlep)/dp, by definition, as follows (Bear, 1979): w;
L
J
22 .'.
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Q(&Q) e
dp op (2.12)
where: )
‘ . - @
‘ avor T
Sop = VoL Tap (2.13) B
2.,-1 '
S (x,y) [M/(L-s7) | specific pressure storativity B
op N
The specific pressure storativity, Sop» is the volume of water released from
saturated pore storage due to a unit drop in fluid pressure per total solid ma-
trix plus pore volume. Note that the common specific storativity, S, [L-1y, T e
]
which when multiplied by contined aquifer thickness gives the well known storage
coefficient, S{1], is related to SOp as, Sy = p|g|SOp, where Igl[L/32] -
is the magnitude of the gravitational acceleration vector. The common specific ‘.i
- 4
storativity, S,, is analagous to specific pressure storativity, Sop’ used in -
%
SUTRA, except that S, expresses the volume of water released from pore storage R
due fo a unit drop in piezometric head. .:
P
SUTRA employs an expanded form of the specific pressure storativity based R
on fluid and bulk porous matrix compressibilities. The relationship is . :':]
n
obtained as follows by expanding equation (2.12) .]
- e
]
de 4p 1
S = — + - 2.
b op e op ¢ dp (2.14) :
S
- .q
The coefficient of compressibility of water is defined by { 3
1 4 .
p=— £ (2.15) X
p dp .
-]
_1
2.,-1 } Cps  J
B [Mi(LsT)] fluid compressibility "o
e
T
.".‘
~ Y
.1
R
23 R
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which allows the last term of (2.14) to be replaced by epB. For pure water at
20°C, B~4.47 X 10_10 [kg/(m-sz)]Tl As the volume of solid grains VOL_, in a
volume, VOL, of porous solid matrix plus void space is VOLs = (1-¢)-VOL, the

factor, d¢/dp, may be expressed as:

de _ (l-e) _3(VvoL)
oL o (2.16)

£
°

which assumes that individual solid grains are relatively incompressible.
The total stress at any point in the solid matrix-fluid system is the sum of

t

effective (intergranular) stress, ¢ [M/(L‘SZ)], and fluid pore pressure, p.
In systems where the total stress remains nearly constant, do' = - dp, and
any drop in fluid pressure increases intergranular stress by a like amount.

This consideration allows (2.16) to be expressed in terms of bulk porous matrix

compressibility, as: d¢/dp = (1-¢)o, where

o E - 1 2(voL) (2.17)

VoL 3o’
2, ,-1 . oy
o [M/(L-s) ] porous matrix compressibility
g' [M/(L'sz)] intergranular stress

Factor « ranges from a ~ 10—10 [kg/(m-sz)]_1 for sound bedrock to about
a ~ 10.7 [kg/(m'ﬂz)]-l for clay. Thus equation (2.14) may be rewritten as

pSop = p(l-g)a + €pB, and, in effect, the specific pressure storativity,

S , is expanded as:
op

S = (l-g)o + €B (2.18)
op

A more thorough discussion of storativity is presented by Bear (1979).

24

P VR NRAK N AN S W W ' PSPPI, SR NN S WA L A P W ST PO P Y

- oMy R, W g

. ) WO

[ J

Ak 4

.

Y .

1@




A 2R O T i A I AL AN A S S A S P

c [E/(MG~°C)] solid grain specific heat
(c ~ 8.4 x 107{J/(kg-"C)]
fof sandsto- at 20°C)

An expanded form of the solid matrix-fluid energy balance is obtained bv sub-

stitution of (2.27a,b) and (2.26) into (2.25). This vields:

IQ;

{€S pc + (l-e)p ¢ IT 4+ V-(eS pc vT)
woow s s - woow—

Qs

t

- V-{lsS A + (l-e)X ] I + €S pc D}-VT] (2.28)
- W W S = w w= -

* w s

= QprT + eSwpyo + (l—e)psyo

2.4 Description of Solute Transport in Ground Water

Subsurface solute transport mechanisms

Solute mass is transported through the porous medium by flow of ground
water (solute advection) and by molecular or ionic diffusion, which while small
on a field scale, carries solute mass from areas of high to low concentrations.
The actual flow velocities of the ground water from point to point in three-
dimensional space of an agquifer mav varv considerably about an average, uniform
two~dimensional velocity, v, which is calculated from Darcv's law (2.22). As
the true, not-average, velocity field is usually too complex to measure in real
svstems, an additional transport mechanism approximating the effects of mixing
of waters with different concentrations moving both faster and slower than the
average velocitv, vix,v,t), is hypothesized. This mechanism, called solute
dispersion, is emploved in SUTRA as the best currentlv available, though ap-

proximate, description of the mixing process. In the simple dispersion model

18
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D(x,y,t) [Lzls} dispersion tensor (2 X 2)

*
T (x,y,t) {°c] temperature of source fluid
w . . . @
yo(x.y‘t) {E/M-s] energy source in fluid s
4
yz(x.y,t) [E/MG-s] energy source in solid grains '
The time derivative expresses the total change in energy stored in both the solid B

matrix and fluid per unit total volume. The term involving v expresses contribu-

tions to locallv stored energy from average-uniform flowing fluid (average energy

advection). The term involving bulk thermal conductivity, A, expresses heat
conduction contributions to local stored energy and the term involving the dis-
persivity tensor, D, approximately expresses the contribution of irregular flows

and mixing which are not accounted for by average energy advection. The term

involvingpQ accounts for the energy added by a fluid source with temperature,
T . The last terms account for energy production in the fluid and solid, re- © )
5
spectively, due to endothermic reactions, for example. ) ;
L
While more complex models are available and may be implemented if desired, ]
-
SUTRA employs a volumetric average approximation for bulk thermal conductivity, "H
,?4
A: 1
. @
r-.:ﬁ
A s eSS A+ (1-e)X (2.26) o
wow s :
o
Xw [E/(s-L-°C)] fluid thermal conductivity _—
(A~ 0.6 [J/(s-m-°C)] at 20°C) -
w o
5
\s {E/(s-L-°C)] solid thermal conductivity s
(A ~ 3.5 [J/(s'm-°C)] at 20°C _—
for sandstone) .
The specific energy content (per unit mass) of the fluid and the solid ;:i:
7

matrix depends on temperature as follows:
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Solid matrix-~fluid energy balance

-]

The simulation of energy transport provided by SUTRA is actually a calcu-~ :j
lation of the time rate of change of the amount of energy stored in the solid ".']
matrix and fluid. In any particular volume of solid matrix plus fluid, the ;
amount of energy contained is (€S pe + (l-€)p e |-VOL, where ]
wow s s —

@

ew [E/M] energy per unit mass water )

"4

e, [E/MG] energy per unit mass solid matrix :]

Ty

ps [MG/Lg] density of solid grain in solid matrix 1

]

, 2, 2 "]

and where [E] are energy units {M:-L%/s"}. >
1

The stored energy in a volume may change with time due to: ambient water with a ;.i
9

different temperature flowing in, well water of a different temperature injected, f]
changes in the total mass of water in the block, thermal conduction (energy tj
L

diffusion) into or out of the volume, and energy dispersion in or out. ";
.

This balance of changes in stored energy with various energy fluxes is

expressed as follows:

aleswpew + (l-e)psesl

PYS = - Z-(eSwpewx) + Z-[XL-ZT]
+ V-[eS pc D'VT] + Q ¢ T* + €S pyw + (l-¢)p 78 (2.25)
- wowE - pw w 'o s'o )
A(x,y,t) [E/(s-L-°C)] bul thermal conductivity of solid
matrix plus fluid
I {1] identity tensor (ones on diagonal,
zeroes elsewhere) (2x2)
<, [E/(M-°C) ] specific heat 3f water

(cw~&.182 X 107[J/(kg-°C)} at 20°C)

6

]
<

s 3 R . . Lo ‘. ) BN ...."‘.~ R -~
e T e et . - N N P B - - . . e _~_.\‘,.. W e T . ]
- - . . N s s, . - B - . - “ . - . . .
. AT Y . I - N PP S Y " P ettt \.A-‘kA.BiA—!MJ.A.A G |




.y v e AT B e ] AP AR S e A i Sedi A et A il Sad B S AR AN & B A S~ et * o el * it

2.3 Description of Energy Transport in Ground Water
Y 23 p

Fnergv is transported in the water-solid matrix system by flow of ground
warer, and by thermal conduction from higher to lower temperatures through both
the fiuid and solid. The actual flow velocities of the ground water from point
to point in the three-dimensional space of an aquifer may vary considerably
about an average two-dimensional velocity uniform in the z-direction, v(x,v.t),
calculated from Darcy's law {(2.22). As the true, not-average, velocity field is
usualiv too complex to measure in real systems, an additional transport mechanism
approximating the efiects of mixing of different temperature ground waters
moving both faster and slower than average velocity, v, is hypothesized. This
mechanism, called energy dispersion, is employed in SUTRA as the best currently
available, though approximate description, of che mixing process. In the simple
dispersion model emploved, dispersion., in effect, adds to the thermal conductivity
value of the fluid-solid medium in particular directions dependent upon the
direction of tluid flow. 1In other words. mixing due to the existence of non~
uniform, nonaverage velocities in three dimensions about the average-uniform
tlow, v, is conceptualized in two dimensions as a diffusion-like process with
anisotropic diffusivities.

The model has, in fact, been shown to describe transport well in purely
homogeneous porous media with uniform one-dimensicenal flows. 1In heterogeneous
field siruations with non-uniform flow in, for example, irregular bedding or
fractures, the model holds only at the pre~determined scale at which dispersivi-
ries are calibrated and it must be considered as a currently necessary approxi-

mation, and be caretuilv applied when extrapolating to other scales of transport.
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of pure solute mass not associated with a fluid source. In most cases, this

contribution to the total mass is small compared to the total pure water mass
! contributed by fluid sources, Qp. Pure solute sources, T, are therefore

neglected in the fluid mass balance, but may be readily included in SUTRA for

special situations. Note that solute mass sources are not neglected in the

i solute mass balance, which is discussed in section 2.4.
While (2.22) is the most fundamental form of the fluid mass balance, it is
necessary to express each mechanism represented by a term of the equation, in
l terms of the primary variables, p, C, and T. As SUTRA allows variation in only
one of C or T at a time, the letter U is employed to represent either of these
quantities. The development from equation (2.9) to (2.18) allows the time der-
j ivative in (2.22) to be expanded:
3(eS p) s
_ . —v, 3p dp, 3U
at (Swpsop tee 8p) at * (eSw BU) t (2.23)
I While the concepts upon which specific pressure storativity, Sop’ is based, do

not exactly hold for unsaturated media, the error introduced by summing the

storativity term with the term involving (3Sw/3p) is insignificant as

| S ]

(aswlap) ) sop.

The exact form of the fluid mass balance as implemented in SUTRA is obtained

from (2.22) by neglecting T, substituting (2.23) and employing Darcy's law,

) (2.19), for v: -—.1
as k k p =

—wY) 2p YU _ o M= £ V(y,-

(Swpsop + epap )_Bt + (cSw 3U) ™ v " Vp-og (2.24) ]

) - o
% &
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Fluid mass balance

The "so-called" flow simulation provided by SUTRA is in actuality a calcul-
ation of how the amount of fluid mass contained within the void spaces of the
solid matrix changes with time. 1In a particular volume of solid matrix and void
space, the total fluid mass (eSwp)-VOL, may change with time due to: ambient
ground-wvater inflows or outflows, injection or withdrawal wells, changes in
fluid density caused by changing temperature or concentration, or changes in
saturation. SUTRA flow simulation is, in fact, a fluid mass balance which keeps
track of the fluid mass contained at every point in the simulated ground-water
system as it changes with time due to flows, wells, and saturation or density
changes.

The fluid mass balance is expressed as the sum of pure water and pure
solute mass balances for a solid matrix in which there is negligible net

movement ¢

a(eswo)
5 " Z°(cSwoz) + Qp + T (2.22)
where:
Q (x,y,t) [M/(L3's)] fluid mass source (including pure
P water mass plus solute mass dissolved
in source water)
T (x,y,t) [H/(L3°s)] solute mass source (e.g., dissolution

of solid matrix or desorption)
The term on the left may be recognized as the total change in fluid mass con-
tained in the void space with time. The term involving V represents contributions
to local fluid mass change due to excess of fluid inflows over outflows at a
point. The fluid mass source term, Qp, accounts for external additions of fluid
including pure water mass plus the mass of any solute dissolved in the source

fluid. The pure solute mass source term, T, may account for external additions

33
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Relative permeability-saturation relationship (schematic). ﬁq
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saturation, Swres' to a value of one at saturation, Sw = 1. A relative permea-
bility-saturation relationship (Figure 2.3) is typically determined for a par-
ticular solid matrix material in the laboratory as is the relationship, Sw(pc).
Relative permeability is assumed in SUTRA to be independent of direction in the
porous media.

SUTRA allows any desired function to be specified which gives the relative
permeability in terms of saturation or pressure. A general function, for ex-

ample, based on the saturation-capillary pressure relationship given as an example

in (2.8) is (Van Genuchten, 1980):

2
| o )q (2L
k =8 ° <1 - [l - S \n-1 ] n (2.21a)
r W } W
*
where the a dimensionless saturation, Sw' is given by:
* Sw - Swres
S x oW wres (2.21b)
w 1 -8
wres

Flow in the gaseous phase that fills the remaining void space not con-
taining fluid when Sw < 1 is assumed not to contribute significantly to total
solute or energy transport which is due primarily to fluid flow and other trans-
port processes through both fluid and solid matrix. Furthermore it is assumed
that pressure differences within the gas do not drive significant fluid flow.
These assumptions are justified in most common situations when gas pressure
is approximately constant throughout the solid matrix system. Should gas pres-
sure vary appreciably in a field system, simulation with SUTRA, which is by def-
inition a single phase flow and transport model, must be critically evaluated
against the possible necessity of employing a multiphase fluid flow and trans-

port model,
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} , and k. , respectively, and the length of any radius is k%, where k is the
max min
effective permeability for flow along that direction. Only, k . k . and

max min

6, the angle between the x-axis and the maximum direction xp need be specified

to define the permeability, k, in any direction, where:

kma((x,v) lLZ] absolute maximum value of permeability
2

kmin(x.v) L= absolute minimum value of permeability

6(x.v) ! angle from +x-coordinate axis to di-

rection of maximum permeability, xp

In the case of isotropic permeability, k = k . , and 6 is arbitrary.
max min
The discussion of isotropic and anisotropic permeability, k, applies as
well to flow in an unsaturated solid matrix, Sw < 1, although unsaturated flow
has additional unique properties which require detinition. When fluid capillary

pressure, p . is less than entry capillary pressure, P, , the void space 1is

ent
saturated Sw = ], and local porous medium flow properties are not pressure-

dependent but depend only on void space geometry and connectivity. When

P, > Plont® then air or another gas has entered the matrix and the void space

is only partly fluid filled, Sw < 1. In this case, the ease with which fluid
can pass through the solid matrix depends on the remaining cross-section of
well-connected fluid channels through the matrix, as well as on surface tension
forces at fluid-gas, and fluid-solid interfaces. When saturation is so small
such that no interconnected fluid channels exist and residual fluid is scattered
about and tightly bound in the smallest void spaces by surface tension, flow

ceases entirely. The relative permeability to flow, kr’ which is a measure

of this behavior, varies from a value of zero or near-zero at the residual fluid

30
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Figure 2.2
Definition of anisotropic permeability and effective

permeability, k.
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34f: Permeability, k, describes ease of fluid flow in a saturated solid matrix.
: When permeability to flow in a particular small volume of solid matrix differs

u depending upon in which direction the flow occurs, the permeability is said to

be anisotropic. Direction-independent permeability is called isotropic. It is
commonly assumed that permeability is the same for flow forward or backward
along a particular line in space. When permeability is anisotropic, there is
always one particular direction, xp, along which permeability has an absolute

maximum value, k [L2
max

]. Somewhere in the plane perpendicular to the 'maximum
direction' there is a direction, xm, in which permeability has the absolute
minimum value, kmin[Lzl' which exists for the particular volume of solid matrix.

Thus, in two dimensions, there are two principal orthogonal directions of

anisotropic permeability. Both principal directions, xp and X, are assumed to

be within the (x,y) plane of the two~dimensional model.

The permeability tensor, k, of Darcy's law, equation (2.19) has four com- Gj

ponents in two dimensions. These tensorial components have values which depend ?ﬁ

on effective permeabilities in the x and y coordinate directions which are not ié

necessarily exactly aligned with the principal directions of permeability. The fs

fact that maximum and minimum principal permeability values may change in both ?E

value and direction from place to place in the modeled region makes the calcu- Eﬁ

lation of the permeability tensor, which is aligned in x and y, complex. The ii

required coordinate rotations are carried out automatically by SUTRA according ;5

to the method described in section 5.1, "Rotation of Permeability Tensor". ;j

An anisotropic permeability field in two dimensions is completely described ;3

by the values kmax and kmin' and the angle orienting the principal directions, i%

xp and X to the x and y directions through the permeability ellipse shown in i

Figure 2.2. The semi-major and semi-minor axes of the ellipse are defined as ;{

| Lk
o g
o 5 o
® < e




As a point of reference, in order to relate the general form of Darcy's
law, (2.19a), back to a better-known form dependent on hydraulic head, the
dependence of flow on density and saturation must be ignored. When the solid
matrix is fully saturated, Sy, = 1, the relative permeability to flow is unity
k, = 1. When, in addition, fluid density is constant, the right side of

(2.19a) expanded by (2.19b) may be multiplied and divided by p|gl:

~kelgl
e —— .|V (—B— v .
v - [V« Dlg_l) + V (ELEVATION) ] (2.20a)

The hydraulic conductivity, K (x,y.t) [L/s], may be identified in this equation
as, K=(kplgl)/u; pressure head, hp(x.y.t) fL}, is hp = p/(plgl). Hydraulic

head, h(x,y,t) [L}, is h = hp + ELEVATION. Thus, for constant density,

saturated flow:
- - (—) .V h (2.20b)

which is Darcy's law written in terms of the hydraulic head. Even in this

basic form of Darcy's law, flow may depend on solute concentration and temp-
erature, The hydraulic conductivity, through viscosity, is highly dependent

on temperature, and measurably, but considerably less on concentration. In
cases where density or viscosity are not constant, therefore, hydraulic con-
ductivity, K, is not a fundamental parameter describing ease of flow through the
solid matrix. Permeability, k, is in most situations, essentially independent

of pressure, temperature and concentration and therefore is the appropriate

fundamental parameter describing ease of flow in the SUTRA model.
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g * -|gl V(ELEVATION) (2.19b)

where [g| is the magnitude of the gravitational acceleration vector. For example,
if the y-space-coordinate is oriented directly upwards, then V(ELEVATION) is a
vector of values (for x and y directions, respectively): (0,1), and g = (0,~]g|).
1f for example, ELEVATION increases in the x-y plane at a 60° angle to the
x-axis, then V(ELEVATION) = ((1/2), (3*/2)) and g = (-(1/2)1gl, —(3%/2)Igl>.

The average fluid velocity, v, is the velocity of fluid with respect to the
stationary solid matrix. The so-called Darcy velocity, q, for the sake of ref-
erence, is g = ¢S v. This value is always less than the true average fluid
velocity, v, and thus, not being a true indicator of the speed of water move-
ment, 'Darcy velocity', g, is not a useful concept in simulation of subsurface
transport. The velocity is referred to as an 'average', because true velocities
in a porous medium vary from point to point due to variations in the permeabil-
ity and porosity of the medium at a spatial scale smaller than that at which
measurements were made.

Fluid velocity, even for a given pressure and density distribution, may take
on different values depending on how mobile the fluid is within the solid matrix.
Fluid mobility depends on the combination of permeability, k, relative perme-
ability, kr' and viscosity, p, that occurs in equation (2.19a). Permeability is
a measure of the ease of fluid movement through interconnected voids in the solid
matrix when all voids are completely saturated. Relative permeability expresses
what fraction of the total permeability remains when the voids are only partly
fluid-filled and only part of the total interconnected void space is, in fact,
connected by continuous fluid channels. Viscosity directly expresses ease of

fluid flow; a less viscous fluid flows more readily under a driving force.
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2.2 Description of Saturated-Unsaturated Ground-water Flow

Fluid flow and flow properties

Fluid movement in porous media where fluid density varies spatially may be driven
by either differences in fluld pressure or by unstable variations in fluid den-
sity. Pressure~driven flows, for example, are directed from regions of higher
than hydrostatic fluid pressure toward regions of lower than hydrostatic pres-
sure. Density~driven flows occur when gravity forces act on denser regions of
fluid causing them to flow downward relative to fluid regions which are less
dense. A stable density configuration drives no flow, and is one in which
fluid density remains constant or increases with depth.

The mechanisms of pressure and density driving forces for flow are ex-
pressed for SUTRA simulation by a general form of Darcy's law which is commonly

used to describe flow in porous media:

kk,

S u) + (Vp-pg) (2.19a)
W
where:
v (x,y.t) {L/s] average fluid velocity
k (x,y) [LZ] solid matrix permeability
(2 X 2 tensor of values)
k (x,y,t) {1] relative permeability to filuid flow
T (assumed to be independent of direction.)

£ [L/szl gravitational acceleration (gravity vector)

(1 x 2 vector of values)
The gravity vector is defined in relation to the direction in which

vertical elevation is measured:
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employed, dispersion, in effect, significantly adds to the molecular diffusi- -
vity value of the fluid in particular directions dependent upoon the direction .
of fluid flow. In other words, mixing due to the existence of non-uniform,
non-average velocities in three dimensions about the average flow, v, is
conceptualized in two dimensions, as a diffusion-like process with anisotropic
diffusivities. “Ti
The model has, in fact, been shown to describe transport well in purely

homogeneous porous media with uniform one-dimensional flows. In heterogeneous
field situations with non-uniform flows in, for example, irregular bedding or ,A%
fractures, the model holds onlv at the pre~determined scale at which dispersivi- —
ties are calibrated and it must be considered as a currently necessary approxi-

mation, and be carefully applied when extrapolating to other scales of transport.

Solute and adsorbate mass balances N
SUTRA solute transport simulation accounts for a single species mass stored
in fluid solution as solute and species mass stored as adsorbate on the surfaces
of solid matrix grai..s. Solute concentration, C, and adsorbate concentration, e
Cs(x,v,t) lM/MG]. {where [M] denotes units of solute mass, and [MG] denotes
units of solid grain mass), are related through equilibrium adsorption isotherms.  ¥
The species mass stored in solution in a particular volume of soiid matrix may
change with time due to ambient water with a different concentration flowing in,
well water injected with a different concentration, changes in the total fluid
mass in the block, solute diffusion or dispersion in or out of the volume, trans- .
fer of dissolved species to adsorbed species (or reverse), or a chemical or bio-

logical reaction causing solute production or decay. The species mass stored as
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adsorbate on the surface of solid grains in a particular block of so’'*d matrix

may change with time due to a gain of adsorbed species by transfer of solute

from the fluid (or reverse), or a chemical or biological reaction causing adsor-

bate production or decay.

The separate balances for a single species stored in solution (solute) and

on the solid grains (adsorbate), are expressed, respectively, as follows:

at

3[(1‘6)03051

at

f(x,y,t)

W~

Q(x.y,t)

Fw(x,y.t)

P .-
Aa

S, .
EPE T DA U S |

= -f - V:(eS pvC) + V-{eS p(D I + D)-VC]
- w = - w m = e -

* (2.29)
+ €S T+ QC
= +f + (l-e)p T (2.30)
s's

[MS/(L3-s)] volumetric adsorbate source (gain of
absorbed species by transfer from fluid
per unit total volume)

[Lz/s] apparent molecular diffusivity of solute
in solution in a porous medium_§nc13ding
tortuosity effects, (D ~1.x 10 [m“/s]
for NaCl at 20.°C).

{1] identity tensor (ones on diagonal,
zero elsewhere) (2x2)

(L2/s] dispersion tensor

[MS/M-s] solute mass source in fluid (per unit

fluid mass) due to production reactions
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* o
C (x,y,t) [MSIH] solute concentration of fluid sources
(mass fraction)
Cs(x,y,t) [MS/MG] specific concentration of adsorbate on jw:i
solid grains (mass adsorbate/(mass solid '
grains plus adsorbate)) g
o, [MG/Lé) density of solid grains in solid matrix h
e
Fs(x,y,t) [MS/MG-s] adsorbate mass source (per unit solid -

matrix mass) due to production reactions
within adsorbed material itself.

3] is the volume of solid grains. L
G 3

Equation (2.29) is the solute mass balance in terms of the dissolved mass

where (L

fraction (solute concentration), C. The time derivative expresses the total

changes in solute mass with time in a volume due to the mechanisms represented S

4
by terms on the right side of the equation. The term involving f(x,y,t) repre- -?>'
sents the loss of solute mass from solution which becomes fixed on the solid
grain surfaces as adsorbate. The adsorbate source, f, may, in general, depend sl

.

on solute concentration, C, adsorbate concentration, Cs, and the rate of change
of these concentrations, depending on either an equilibrium adsorption isotherm

or on non-equilibrium adsorption processes. SUTRA algorithms are structured to

directly accept non-equilibrium sorption models as an addition to the code.
However, the current version of SUTRA assumes equilibrium sorption as shown in

the following section, "Adsorption and production/decay processes."”

The term involving fluid velocity, v, represents average advection of sol- f;.-

ute mass into or out of the local volume. The term involving molecular diffusi- il{?
vity of solute, Dm, and dispersivity, D, expresses the contribution of solute AR
q

diffusion and dispersion to the local changes in solute mass. The diffusion L
contribution is based on a true physical process often negligible at the field if;f
q
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scale. The dispersion contribution is an approximation of the effect of solute
advection and mixing in irregular flows which are not accounted tfor by solute
advected by the average velocity. The solute mass source term involving Yw(x.v.t).
the solute mass production rate per unit mass of fluid, expresses the contribution
to dissolved species mass of chemical, biological or radiocactive reactions in
the fluid. The last term accounts for dissolved species mass added by a fluid
source with concentration, C%,

Equation (2.730) is the balance of mass which has been adsorbed bv solid
grain surfaces in terms of species concentration on the solid (specific adsorbate
concentation), CS. The change in total adsorbate mass is expressed by the time
derivative term. It may increase due to species leaving solution as expressed bv
adsorbate source term, f. The adsorbed mass may also change due to a production of
adsorbate mass (per unit solid matrix mass), FS by radioactive or chemical pro-
cesses within the adsorbate. Note that mass becomes immobile once adsorbed, and
is affected onlv by possible desorption or chemical and biological prucesses.

The total mass of a species in a volume is given by the sum of so 1te mass
and adsorbate mass. A balance of the total mass of a species is obtained by
addition of (2.30) and (2.29). The general form of the total species mass
balance used in SUTRA is this:

eSS pC) dl(l-e)p C |
A\ S S

+ = - v- S 1
It ot - (qup}f“

(2.31)
+ VeleS p(D 1T+ D)-VC) + €S pl' + (l=-e)p I’ + Q C*
= W m - = - woow s s p




Equation (2.31) is the basis for SUTRA solute transport simulation. In cases

LON ot sk ap QRSP pe ey
LSRN 1‘( .A. ‘:'..‘

of solute transport where adsorption does not occur (CB = (), the adsorbate

source term, f, simply has the value zero (f = 0), and the terms that stem from

equation (2.30) are ignored. Further discussion of solute and adsorbate mass

Lalb)

balances may be found in Bear (1979).

Adsorption and production/decay processes

- The volumetric adsorbate source, f, of (2.29) and (2.30) may be expressed

in the terms of a specific sorption rate, fs’ as:

f = (l—c)osfs (2.32a)

fs(x,y,t) [MS/MG-s] specific solute mass adsorption rate

(per unit mass solid matrix)
A particular non-equilibrium (kinetic) model of sorption is obtained by de-
fining the functional dependence of the sorption rate, fa’ on other parameters
of the system. For example, for a linear reversible non-equilibrium sorption
model, the expression is: fs = ml(C - mZCs)’ where m1 and m2 are sorption para-

meters. This particular model and a number of other non-equilibrium sorption

models are accommodated by a general expression for fs, as follows:

fs s ) %% + KZC + Ky (2.32b)
where: rl - rl(C,Cs), rz = rz(C,Cs), r3 = r3(C,Cs).
rl(C,Cs) M /Mc] first general sorption coefficient
K,(C,C ) (M /HG-s] second general sorption coefficient
r3(C,Cs) (HB/MG-s] third general sorption coefficient

43

oo T E TR TR T TN AT R AR T T W T T L R LT LT T e e e T T W T T T T Y Y W W W W T T R Yl T T T T Ty T IITE T 9T
. Sos Ty R B

mERLE

. B T "."'. ‘.".




;‘.’.-" T e e e e TR e e T TR e e Sl Pl Pol et et A S Miah il ek S i A iaidl M Y B S S ara 8 S MRS S e Aike Mt Y e e i T S '_".".v'}.

Through a suitable definition of the general coefficients, ri(C.CS), a number

of non-equilibrium sorption models may be obtained. For example. the linear

reversible non-equilibrium model mentioned above requires the definitions:

Yy ® 0. vy = my

included in the SUTRA code to provide generality for possible inclusion of such

. and vy ® -mlmZCS. The general coefficients Yis Yoo and rq are

non-equilibrium (kinetic) sorption models.

The equilibrium sorption models are based on definition of the general ;}5

4

coefficients through the following relation: ?IJ
.9

]

¢y aC ‘di

Only general sorption coefficient, ST need be defined based on various equili-

R "Y'-'*v'"_',

N ’
. [
i

brium sorption isotherms as shown in the following. The other coefficients are
4
set to zero, ¥, = ¥, = 0. ‘Tﬁ
The linear equilibrium sorption model is based on the linear sorption ﬁ

isotherm assuming constant fluid density:

e

= 2
Cs (xloo)c (2.343)

I
s aC
3t SISk e (2.34b)

e te ¥ 0w

. . *
< Iy PR
. A A
NN

L
PRI & PP\

where:

¢
B

Xy ILE/MGl linear distribution coefficient

»
} (i}
A g .

PR
o .

'j. A N

and o, is the fluid base density

b
]
o

For linear sorption, general coefficient, e takes on the definition:

9

.

akncd

¥ = Y.p (2.34c)
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. -
- The Freundlich equilibrium sorption model is based on the following SRR
. isotherm which assumes a constant fluid density, Py }f“}
.
s PRI
#‘ 1 o
C = x,( C)(TZ-) (2.35a) L
s Xl Do «35a ;
1- .
ac X —X—Z S
2 o (LYo )\ *? a (2.35b) ey
at X s o Bt ;:f,
2 -l
where:
X [L:IMG] a Freundlich distribution coefficient )
X,y (1} Freundlich coefficient
when Xy = 1, the Freundlich isotherm is equivalent to the linear isotherm. -

For Freundlich sorption, then, the general coefficient, Kl takes the

definition: e
(_1_) (‘_lz e

X X X .i,i

0 - (—l o 2 2 (2.35¢) S

X2 o '.AV‘:‘.

The Langmuir equilibrium sorption model is based on the following isotherm e

which assumes a constant fluid density, po:

xl(oOC)
C = —1 o (2.36a)
8 1 + xz(poC)
aC X, P
—2 1 o L (2.36b)
at (1 + xzpoc)2 at
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where:
8 [Lf/MC] a Langmuir distribution coefficient
3 . e
X, [Lf/le Langmuir coefficient

For verv low solute concentrations, ¢, Langmuir sorption becomes linear sorp-

tion with linear distribution coefficient xl. For very high solute concentra- -"*

-.‘
tions, (€, the concentration of adsorbate mass, Cs, approaches an upper fu
limit equal to '\i/\,). The general SUTRA coefficient, rl, is defined for

Langmuir sorption as:

1%
- = ——— (2.36c¢)
L v xe 0

2 —
The production terms for solute, Fw, and adsorbate, FS. allow for R
b

first-order mass production (or decay) such as linear BOD (biochemical oxvgen )
demand) or radicactive decav, biological or chemical production, and zero-order ]
g )
mass production (or decay). ~}g
. w w -
[ = ¥ C + y (2.37a) -
W 1 0 .‘_“4
-'._t-1
N T (2.37b) )
s 1 S 0 ..q
{ where: ff?
-1 ) . e
7wl Is ] first order mass production rate of solute - '3
° A
{ 7: [(Mq/M)/s] zero-order solute mass production rate _—
: AN
y? lq-ll first-ovrder mass production rate of o
L adsorbate L/
| -
s [(M«/Mv)/SJ zero-order adsorbate mass production S
b - Yo T rate o
-9
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2.5 Description of Dispersion

Pseudo-transport mechanism

Dispersion is a pseudo-transport process representing mixing of fluids
which actually travel through the solid matrix at velocities different from the
average velocity in two space dimensions, v, calculated from Darcy's law, (2.19).
Dispersion is a pseudo-flux in that it only represents deviations from an
average advective flux of energy or solute mass and as such does not repre-
sent a true mechanism of transport. Should it be possible to represent the
true, complex, non-homogeneous velocity field in, for example, in the layers of
an irregularly bedded field system, then the dispersion process need not be
invoked to describe the transport, as the local variations in advection would
provide the true picture of the transport taking place. However, as available
data almost never allows for such a detailed velocity description, an approximate
description, which helps to account for observed temperatures or concentrations
ditferent from that expected based on the average fluid advection, must be
emploved.

Current research trends are to develop dispersion models for various
hvdrogeological conditions, and SUTRA may be updated to include these new re-
stlts as they become available. Currently, SUTRA dispersion is based on a new
generalization for anisotropic media of the standard description for dispersion
in isotropic homogeneous porous media. The standard description is, in fact,
the onlv model available today for practical simulation. Because any incon-

sistencies which mav arise in applying this dispersion model to particular
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field situation often would not be apparent due to the poor quality or small

amount of measured data, the user is warned to exercise good judgement in
interpreting results when large amounts of so-called dispersion are required

to explain the field measurements.

In any case, the user is advised to consult up-to-date literature on field-scale

dispersion, before employing this transport model.

Isotropic-media dispersion model

The dispersion tensor, D, appearing in both energy and solute balances,
(2.28) and (2.31), is usually expressed for flow in systems with isotropic
permeability and isotropic spatial distribution of inhomogeneities in aquifer

materials as:

D = (2.38)

1 2 2 -

Dyx (vz) (dpve +dpvy) (2.39a) o
D = L (d v2 +d v2) (2.39b) f;
yv \ 2/ "T'x Ly ' § )
and the off-diagonal elements are: ﬁj
1 d d 3 =
Dij‘ (VZ)( L T) (vivj) (2.39¢) .—;.1
7
i*j, i=x,v :}
» < ‘1
fmx v -]
]
»
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vix,y,t) [L/s] magnitude of velocity v

vx(x,y,t) {L/s} magnitude of x-component of v
vy(x,y,t) (L/s] magnitude of y-comporent of v
dL(x,y,t) [L2/s] longitudinal dispersion coefficient
dT(x,y,t) [Lzls] transverse dispersion coefficient

The terms dL and dT [Lzls] are called longitudinal and transverse
dispersion coefficients, respectively. These terms are analogous to typical
diffusion coefficients. What 1s special, 1s that these are directional in

nature. The term, d , acts as a diffusion coefficient which causes dispersion

L
forward and backward along the local direction of fluid flow, and is called the
longitudinal dispersion coefficient. The term, dT’ acts as a diffusion coeffi-
cient causing dispersion evenly in the directions perpendicular to the local
flow direction, and is called the transverse dispersion coefficient. Thus, if
dL and d.r were of equal value, a circular disk of tracer released (in the x-y
plane) in ground water flowing, on the average uniformly and unidirectionally,
would disperse in a perfectly symmetric circular manner as it moved downstream.

However, if dL > d then the tracer would disperse in an elliptical manner with

T
the long axis oriented in the flow direction, as it moved downstream.
The size of the dispersion coefficients are, in this model, for dispersion

in isotropic permeability systems, dependent upon the absolute local magnitude

of average velocity in a flowing system (Bear, 1979):

dL = (XLV (2.‘008)
dr = ayv (2.40b)
aL(x,y) {L] longitudinal dispersivity of solid
matrix
aT(x.y) IL] transverse dispersivity of solid
matrix
49
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When the isotropic-media dispersion model is applied to a particular field situ-
ation where aquifer inhomogeneities are much smaller than the field transport
scale, then dispersivities ap and oy may be considered to be fundamental trans-
port properties of the system just as, for example, permeability 1is a fundamen-

tal property for flow through porous media. In cases where inhomogeneities are

large or scales of transport vary, dispersivities may possibly not be repre-

AL

sentive of a fundamental system property. In this case, dispersion effects -

P .
2 et

must be interpreted with care, because dispersivity values are the only means

available to represent the dispersive characteristics of a given system to be f.g
simulated.
Anisotropic-media dispersion model ‘

]

In a system with anisotropic permeability or anisotropic spatial distribu- )

tion of inhomogeneities in aquifer materials, dispersivities may not have the E
same values for flows in all directions. In a case such as a layered aquifer, _‘:
longitudinal dispersivity would clearly not have the same value for flows parallel ii
to layers and perpendicular to layers. The isotropic-media dispersion model, ;-:
described in the previous section, does not account for such variability as a ;i;
is isotropic (direction-independent). Transverse dispersivity would also tend .;j
to be dependent on the flow-direction, but because it typically 1is only a small 5%
traction of longitudinal dispersivity, especially in anisotropic media (Gelhar ,;;
and Axness, 1Y83), its variability is ignored here. This does not imply that €
transverse dispersion is an unimportant process, but the approximation is made -f
because accurate simulation ot low transverse dispersion is already limited, due "‘]

to the requirement of a fine mesh tor accurate representation of the process.

The effect of any direction-dependence of transverse .dispersivity would be

obscured by the numerical discretization errors in a typical mesh. ®




TR E

An ad-hoc model of flow-direction~dependent longitudinal dispersion is
postulated. In this model, longitudinal dispersivity is assumed to have two
principal directions (in two space dimensions) aligned with principal directions
of permeability, xp and LI Tre principal values of longitudinal dispersivity,

are «a and « . in these principal directions (see Figure 2.4). Note that
Lmax Lmin LEEE A

the subscripts, Lmax and Lmin, refer only to the maximum and minimum permeability

direcrtions, and are not intended to imply the relation in magnitude of Q ax

and o in’ the principal values of longitudinal dispersivity.

[f Fq is the dispersive flux of solute (or energy) along a stream line of

tluid flow, then

FS =-a s; (2.41)
where:
m[(x,v,t) | 1) longitudinal dispersiviiy along a
’ streamline
and [ representa either concentration or temperature, and s is distance

measured along a streamline. The dispersive flux components in the principal

permeability directions Vp and x are:

Al
F = -« — = F cos 8 (2.42a)
p Imax dx s kv
p
F o= - o AL 2 F sine (2.42b)
m “Lmin me s kv )
where:
o (x,v) (1] Longitudinal dispersivity in the maximum
[.Lmax s .
permeability direction, xp.
o (x,y) LL}) Longitudinal dispersivity in the minimum
ILmin : , .
permeability direction, X
Bkv(x,y‘t) {1 Angle from maximum permeability direction,

x_, to local flow direction, (v/{v])
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Figure 2.4
Definition of flow~direction-dependent longitudinal

dispersivity, aj(8).
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Projection of an element

Two-dimensional finite-element mesh and quadrilateral

Figure 3.1
element .




SUTRA is completely divided up into a single laver of contiguous blocks. These

blocks are called 'finite elements.'

The subdivision is not done simply in

a manner which creates one block (element) for each portion of the aquifer
svstem which has unique hydrogeological characteristics. Each hydrogeologic
unit is in fact divided into many elements giving the subdivided aquifer region
the appearance of a fine net or mesh. Thus, subdivision of the aquifer region
to be simulated into blocks is referred to as 'creating the finite-element mesh
(or finite-element net).

The basic building block of a finite-element mesh is a finite element. The
tvpe of element emploved bv SUTRA for two-dimensional simulation is a quadrilateral
which has a finite thickness in the third space dimension. This type of a quad-
rilateral element and a typical two-dimensional mesh is shown in Figure 3.1].

All twelve edges of the two-dimensional quadrilateral element are perfectlyv

straight. Four of these edges are parallel to the z-coordinate direction.

The x-v plane (which contains the two coordinate directions of interest) bisects
each of the edges parallel to z, so that the top and bottom surfaces of the
element are mirror images of each other reflected about the central x-v plane in
the element. The mid-point of each z-edge (the point where the x-v plane
intersects) is treferred to as a nodal point (or node}. Thus, the element has a
three-dimensional shape, but always has only exactly four nodes, each of which
in fact, represents the entire z-edge on which it is located. The nodes mark the
fact that, in this tvpe of element, some aquifer parameters may be assigned a
different value at each z-edge of the element. The lack of nodes outside of the
x-v plane is what makes this element two-dimensional; while some aquitfer para-
meters mav varv in value from node to node (i.e. from z-edge to z-edge), no

arameters may be assigned varving values in the z-direction.
f .
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head, h = hp + ELEVATION, where pressure head, hp s p/(pigl). For clarity,
hydraulic conductivity 1s assumed to be isotropic in this example. While (3.1)
may be considered a fully three-dimensional mass balance equation, it is assumed
that flow takes place only areally in a water-~table aquifer with a fixed imperme-
able base (at z-position, BASE(x,y)), and a moveable free surface (at z-position,
h(x,y,t)). The z~direction is oriented vertically upward and the fluid is assumed
to be in vertical hydrostatic equilibrium at any (x,y) position (no vertical flow).
Aquifer thickness, B(x,y,t) (L), is measured as the distance along z from the free
surface to the aquifer base, and may change with time. Aquifer transmissivity,

nx,y,t), is given by:

I s KB 8 K(h - BASE) (3.2)
nix,y,t) [L2/s] aquifer transmissivity
B(x,y,t) [L} aquifer thickness
BASE(x,y) (L) elevation of aquifer base

The above assumption, in effect, makes (3.1) a two~dimensional mass balance
equation which is applied to a finite thickness aquifer. The two-dimensional
form of (3.1) describing an areal fluid mass balance for water-table aquifers

in terms of a head-dependent transmissivity arises during the basic numerical

analysis of (3.1) in section 3.3, "Integration of Governing Equation in Space."

3.1 Spatial Discretization by Finite Elements

Although SUTRA is a two-dimensional model, the region of space in which
flow and transport is to be simulated may be defined in three space dimensions.

The three-dimensional bounded volume of an aquifer which is to be simulated by
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Chapter 4, "Numerical Methods,” to the SUTRA fluid mass balance and unified
energy-species mass balance.

The water-table aquifer fluid mass balance equation is useful for dem-
onstration of basic numerical methods employed on SUTRA governing equations,
because it displays some of the salient aspects of the SUTRA equations: a time
derivative, a non-linear term involving space-derivatives, and a source term.

The simplified fluid mass balance equation is as follows:

s &b y.kvny = Q" (3.1)
ot -— = ’
where
Q" = (Q/p)
P p
and
S50 (x,y) (L1 specific storativity
h(x,y,t) {L} hydraulic head (sum of pressure
head and elevation head)
K(x,y) IL/s] hydraulic conductivity (assumed for
this example to be isotropic)
Q*(x.y) {s~1) volumetric fluid source (volume fluid
injected per time / volume aquifer)
(assumed constant for this example)
Qp(x.y) (M/(L3-8) ] fluid mass source (mass fluid injected
per time / volume aquifer) (assumed con-
stant for this example)
P (M/L3] fluid density (assumed constant for

this example)
This equation, (3.1), is obtained from the SUIRA fluid mass balance, (2.24),
by assuming saturated conditions, constant concentration and temperature, con-
stant fluid density, and using the definition of hydraulic conductivity,

K # (kplgl)/u, where |g| is the acceleration of gravity, and of hydraulic
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Chapter 3

Fundamentals of Numerical Algorithms

SUTRA methodology is complex because: (1) densitv-dependent flow and
transport requires two interconnected simulation models, (2) fluid properties
are dependent on local values of temperature or concentration, (3) geometry of
a tield area and distributions of hydrogeologic parameters may be complex, and
(4) hvdrologic stresses on the svstem may be distributed in space and change
with time. Furthermore, a tremendous amount of data must be evaluated by SUTRA
with precision. This requires great computational effort, and considerable
numerical intricacy is required to minimize this effort. The mathematically
elegant finite-element and integrated-finite-difference hybrid method emploved
bv SUTRA allows great numerical flexibility in describing processes and char-
acteristics of flow and transport in hvdrologic field systems. Unlike simu-
lation models based purely on the method of finite differences, however, the
numerical aspects of which allow straight-forward interpretation at an intuitive
level, some finite-element aspects of SUTRA methodology require interpretation
at a less phvsical level and from a more mathematical point of view.

The following description of SUTRA numerical methods uses a simplified,
constant-densitv water-table aquifer case as an illustrative example. While
precise mathematically, this example is not used to demonstrate an actual
application of SUTRA, as SUTRA does not, in fact, simulare a moving water
table. The example is onlv used as a device through which to explain the
theorv and use of the primarv numerical methods emploved in SUTRA and the
water table is invoked to allow discussion of a simple non-linearity. The

basic methods, which are onlv demonstrated here, are applied in detail in
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where:

for energy transport

t=c¢c,UeCc ,.UzC,0D,0%&0, c=

s w s
ylb + eSwoyo + (1—6)0570 (2.52)

£ 0 (2.52a)

1 (2.52b)

H

C
W

where Cg is defined by (2.34a), 2.35a) or (2.36a), and rj is

defined by (2.34c), (2.35c) or (2.36c), depending on the isotherm.

The fluid-mass-conservative form of the unified energy-species mass

balance, (2.52), is exactly that which is implemented in SUTRA.
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;“ where: ;Q;
P DR
:j for energy transport L
- R
* % A A ".'
W s

UsT, U #2c¢cT U=sT, o8 —@8 , ¢ &8 — (2.51a) e

s s w  pC 8 pc ]

w w

M ® 75 T % 7, S
w o' s o ‘.*

for solute transport 'VF?

-

* ok -
UsC,UsC,U=sC,oD,0&0 ¢=s1 (2.51b) ]

s s w m' s w ]
where Cg is defined by (2.34a), (2.35a) or (2.36a), depending on r!?

isotherm. "

It is assumed in equation (2.51) that c, and cg are not time-dependent.
For numerical simulation, this equation may be termed a 'fluid-mass- —
conservative' form of the energy or species mass balance. When approximated

numerically, the unified balance in the original form, (2.47), would contain

e
approximation errors in both the fluid mass balance contributions (based on i"%

pressure and saturation changes) and the temperature or concentration change ?f_i

contribution. However, in the revised form, equation (2.51), the complete fluid %;a:

S

mass balance contribution has already been analytically accounted for before 5:!&

- any numerical approximation takes place. Thus, the total approximation error iiii

for the unified balance, (2.51), is significantly less as it is due to the temp-

h. erature or concentration change contribution only. T%!i
The unified energy-species mass balance is brought to its final form by q
noticing that the form of the term, 3Ug/dt, for energy transport, is the same :

(] as that for solute transport when using the equilibrium sorption relation

(2.33), and that the form of the energy production of terms is similar to that

; _ of relations (2.37a) and (2.37b) for the mass production process:
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Before substituting (2.48) for the duplicate terms in (2.47), the search
for redundant terms mav be extended to a balance of species mass or energy
stored in the solid matrix rather than in the fluid. A simple mass balance

for the soiid matrix is:

a_ [(l—e)o ] + V-[(I—f)p v ] = 0 (2.49)
at s [t

v, {L/s] net solid matrix velocity

Due to the assumprion that the net solid matrix velocity, vg, is negligable,
rhe associated term of (2.49) is dropped. The contribution of this simple solid
matrix mass balance to the unified solute~energy balance mav again be obtained

bv taking the product of (2.49) with Ug:

5 .
1) — - =
(ls) TS [(l E)OSJ 0 (2.50)
A comparison reveals that this term also appears in (2.47).

The redundant information in the unified energy-solute balance which keeps

track of both solid matrix and fluid mass balance contributions may be directly

removed from (2.47) by subtracting (2.48) and (2.50). The result is:

U
1
¢S pe au + (l-¢)p
w

3
- + ¢S pc v-VU
w dt s dt wp w— -

{ ) (2.51)
- V-ipc IeS (o I+4D) + (l-€)o I]-VH~
- ' W w= = s= ..’

*
= ()¢ (U =U) + ¢S pl[ + (l-cd)p I
pw woowW s s
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Fluid-mass-conservative energy-solute balance

A further consideration is required before obtaining the form of the uni~
fied energy/solute balance as implemented in SUTRA. The amount of energy or
solute per unit combined matrix~fluid volume may change either due to a change
in the total fluid mass in the volume even when concentration and temperature
remain constant (see relation (2.10)). Such a change in fluid mass may be
caused by changes in fluid saturation, or by pressure changes affecting com-
pressive storage.

The energy and solute balances as well as their unified form, (2.47), track
both types of contributions to changes in total stored energy or solute mass.
However, the fluid saturation and pressure change contribution to energy and
solute balances are already implicitly accounted for by the fluid mass balance.

The fluid mass balance contributlon to solute and energy balances is ex-
pressed by the product of the fluid mass balance, equation (2.22) (which tracks
changes in fluid mass per unit volume), with c,U (which represents either energy
or solute mass per unit fluid mass). Note that cy ®l for solute transport. This
product tracks energy or solute mass changes per unit volume due to fluid mass

changes per unit volume:

a(cSwp)

(ch) 7t

+ (e V) ¥-(es py) = (e UIQ (2.48)

where the solute mass source, T, is neglected. Comparison of (2.48) with (2.47)
will reveal that the terms on the left of (2.48) also appear in the unified

balance equation.
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Thus, the balances of energy per unit volume, (2.28), and total species
mass per unit volume, (2.31), may be expressed in a single unified balance in
terms of a variable, U(x,y,t), which may either represent T(x,y,t) or C(x,y,t),

as follows:

) P] Do
5;(£Swpch) + 7t [(I-C)pSUS] + v (cSwpcsz) o

»
_ . el
v 1pc cSw(awg + 2) + (1 e)as; Vu :.;iJ
* 2
= Qo U+ es e+ (1-e)p T (2.47) 4-4
where: .
4
for energy transport _; 4
e
o
U=T, U =cT, UT, o & ¢ = R
s s W pc , s pc (2.47a) R
v w S
rw RS rs ' .4
]
for solute transport .~f;j
* % '-'_'.'_'.1
Usc,u=sC ,UsC,o0=5D,0 50, ce=l]l (2.47b) -
s s v m : w .. @
where C; is defined by (2.34a), (2.35a) or (2.36a), depending on the ?
..>-1
isotherm. 71;11
- 9,
By simple redefinition according to (2.47a) or (2.47b), equation (2.41) directly
becomes the energy or species mass balance. This redefinition is automatically ‘:j
carried out by SUTRA as a result of whether the user specifies energy or solute :.;i
transport simulation. :
:.1
‘1
o
3
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2.6 Unified Description of Energy and Solute Transport

Unified energy-solute balance

The saturated-unsaturated ground-water energy balance (2.28) is simply an
accounting of energy fluxes, sources and sinks which keeps track of how the
energy per unit volume of solid matrix plus fluid, [eSypcy + (1-€)pgcglT,
changes with time at each point in space. The saturated-unsaturated ground-
water balance of solute plus adsorbate mass, (2.31), is similarly an accounting
of solute and adsorbate fluxes, sources and sinks, which keeps track of how the
species mass (solute plus adsorbate mass) per unit volume of solid matrix plus
fluid, (eSyupC + (1-€)pg4Cgs), changes with time at each point in space. Both
balances, therefore, track a particular quantity per unit volume of solid matrix
plus fluid.

The fluxes of energy and solute mass in solution, moreover, are caused by
similar mechanisms. Both quantities undergo advection based on average flow
velocity, v. Both quantities undergo dispersion. Both quantities undergo
diffusion; the diffusive solute mass flux is caused by molecular or ionic dif-
fusion within the fluid, while the diffusive energy flux occurs by thermal con-
duction through both fluid and solid. Fluid sources and sinks give rise to
similar sources and sinks of energy and solute mass. Energy and species mass
may both be produced by zero-order processes, wherein energy may be produced by
an endothermic reaction and solute may be produced, for example, by a biological
process. The linear adsorption process affecting solutes 1s similar to the
storage of energy in solild portion of an aquifer. Only the non-linear sorption
processes and first-order production of solute and adsorbate, have no readily

apparent analogy in terms of energy.
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tributions of the approximate dispersive process. Given a better-defined S
velocity field, and in the absence of other data, dispersivity should then be
chosen based on the largest postulated inhomogeneities met along a given average
stream tube., The size and distribution of inhomogeneities not explicitly taken
into account bv the average flow field may be postulated based on the best K
available knowledge of local geology. .

Transverse dispersivitv, ap, is typically even less well known for field

problems than longitudinal dispersivity. Values of a used in simulation are
tvpically between one tenth and one third of aj. In systems with anisotropic
permeability, «p may be less than one hundredth of ap for flows along the
maximum permeability direction (Gelhar and Axness, 1983). Should simulated
transport in a particular situation be sensitive to the value of transverse r
dispersivity, further data collection is necessarv and the transport model must
be interpreted with great care.

The ad-hoc model for longitudinal dispersion in anisotropic media presented v |
in the previous section allows for simulation experiments with two principal T

longitudinal dispersivities which may be of special interest in svstems with

well-defined anisotropv values. Depending on the particular geometry of layvers i

= .
or inhomogeneities causing the permeability anisotropv, the longitudinal disper- PO
sivity in the minimum permeability direction, ojgnin. may be either greater or -
smaller than that in the maximum permeability direction oaygsx- However, use "

—
of the anisotropic-media dispersion model is advised onlv when clearly required B

by field data, and the additional longitudinal dispersion parameter is not
intended tor general application without evaluation of its applicabilitv in a

particular case.




— R N T s R T T e e s e R W T T T Ty 2
This form of tongitudinal dispersivitv dependence on direction of flow relative K
ro rhe principal permeabiliry directions is similar to that cohtained for a <
‘ transversely isotropic medium in a stochastric analysis of macro-dispersion by -
0 . a9
v Gelhar and Axness (19373, :
.
Guidelines for applving dispersion model .
- Some intormal cuidelines mav he given concorning values of dispersivities -
- . when other data are not avaiiahbile. lLongitudinal dispersivities may be consi-
:’_ dered to be on the order of the sime size as either the largest hvdrogeologic
or tlow inhomoyeneities along the rransport reach or the distiance between
4 inhomogeneivies, whichever is the grearer value. FPFor triansport in pure homo-
a o . " .
{. senecus sand, jongirudinal dispersivity is on the order of grain siz ihis
{ is the type of situation where the isorropic-media dispersion model vell de-
: siribes observed tvransport bhehavior. In the ciase of a sandy aquifer containing .
woll-distributed inclusions of less-permeablie material, the longitudinal dis- ;
.
- persivity required to correct an average advective transport which has passed
L.',"A A 1 : . 3 - - k3 .
{:- by many of the inclusions would be of the order on the larger of either inclu-
sion size or distance between inclusions.
.
Should the dispersiviity, estimated on the basis of the size in homogenei-
F ’ . ' -
tirs or distince berween them, be agredarer than about one tenth of the longest
b
i transport reach, then the meaningful use of a constant-dispersivity dispersion
&
f model must be gquestioned.  In such o case, the ideal action ro take would bhe to
.
[ - more explicitlyv define the tield distriburion of velority by raking inte account
L".
3 " . g L . .
'. the acrutl ceometry of inhomogeneitios. Inis would rorvectlyv account for mosrt
{ ot the tranepoart rakine place 45 advective in nature, with much smaller con-
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;{ Because U varies with x and y, U = U(x,y,t):
-
L.- ~
y au _ a3u ™ , ¥ " (2.43a)
3 ds ax 3s X ds -4oa N
- P " N
= ay 3y ay
s PG Ok + x sin ek (2.43b) )
Y m -
and: i
3 . au .
FS = - (cos ekv 7 + sin edv 3xm) (2.44a) .
2 F 2 F i
F = a Jcos™ 8 = + sin’@ = (2.440b)
s L kv \¢ kv \«
Lmax Lmin
This defines an ellipse as:
1 c0529kv sinzekv
(a_) . (T_— . (_a—) (2.45)
L Lmax Lmin
, . . . 1/2 . . 1/2
with semi-major axis (a ) and semi-minor axis (a, . ) . The length of
Lmax Lmin

1/2. as shown in Figure 2.4. This ellipse is analagous in

a radius is (aL)
concept to that which gives effective permeability in any direction in an

anisotropic medium.

i The value of effective longitudinal dispersivity as dependent on the flow

direction is:

-

a o
ag, - Lmax Lmin (2.46) -

2 . 2
(“Lmin cos By * O mgx 8in 9kv)

i
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which is used by SUTRA to compute a for the anisotropic-media dispersion model. -

L

! Note that if . then the isotronic dispersion-media model is obtained.

aLmax ® uLmin

——

K S . . . .
LAPRAS - .t .« & . - - - . LR . . .. . . A AN
‘ : = SN DO e P It P D R ) . P RN - T PRI . PN N A WU




'i Within a two-dimensional finite-element mesh there is only a single layer
of elements, the nodes of which lie in the x-y plane. Nodal points are always
ZE! shared by the elements adjoining the node. Only nodes at external corners of

the mesh are not contained in more than one element. The top and bottom sur-
faces are at every (x,y) point equidistant from the x-y plane, but the thick-
ness of the mesh, measured in the z-direction, may vary smoothly from point to
point. When projected on the x-y plane, as in Figure 3.1, a finite~element mesh
composed of the type of elements used by SUTRA appears as a mesh of contiguous

quadrilaterals with nodes at the corners. Hence, the term, °'quadrilateral

{ element’'.

® 3.2 Representation of Coefficients in Space

Aquifer parameters and coefficients which vary from point to point in an

aquifer such as specific storativity, S,, and hydraulic conductivity, K, are
represented in an approximate way in SUTRA. Parameters are either assigned a
particular constant value in each element of a finite-element mesh (elementwise),
or are assigned a particular value at each node in the mesh in two possible ways
(nodewise or cellwise).

In the water-table aquifer, for a simple example, a regular two-dimensional

mesh is used. The steplike appearance of elementwise assignment of K values over

ttia simple mesh 1is shown in Figure 3.2. Nodewise assignment for head over
this mesh results in a continuous surface of h values as shown in Figure 3.3,
' 9 vith linear change in value between adjoining nodes along (projected) element

L edges. Cellwise assignment is employed for specific storativity, S,, and the time

derivative, %E. This results in a steplike appearance of the assigned values
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Figure 3.2
Elementwise discretization of coefficient K(x,y).
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Figure 3.3
Nodewise discretrization of coefficient h(x,y).
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over the mesh similar to that of elementwise assignment in Figure 3.2, but each
cell is centered on a node, not on an element. Cell boundaries are half way
between opposite sides of an element and are shown for the regular mesh in
Figure 3.4. Thus the spatial distributions of parameters, K, h and S, are
discretized (i.e., assigned discrete values) in three different wavs: K,
elementwise, h, nodewise, and §,, cellwise.

Because the internal program logic depends on the tvpe of discretization,
SUTRA expects certain particular parameters or equation terms to be discretized
elementwise, nodewise, or cellwise. The primary dependent variables of the
SUTRA code p, and T or ¢, (in this example case, only hvdraulic head, h), are
expressed nodewise when used in terms which calculate fluxes of fluid mass,

solute mass or energv.

Flementwise discretization
The equation which gives the values, over the finite element mesh, of
an elementwise parameter, mav be expressed tor the hydraulic conductivity

of the present example as:

Ky (x,v) (3.3)
[.=1
where the elements have been numbered from one to NE (total number of elements
in the mesh), and Kj(x,v) |L/s] has the value of hydraulic conductivity of
element L for (x,y) coordinates within the element, and a value of zero outside
the element.  Thus Ky{x,v) is the flat-topped 'box' standing on an element I,
in Figure 3.2, and K(x,v) is represented in a2 discrete approximate way bv the
sum of all the 'boxes'.

Note that K;(x,v) has the same value in the z-direction

from the top to the hottom of each two-d mensional element.
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Figure 3.4
Cells, elements and nodes for a two~dimensional

finite-element mesh composed of quadrilateral
elements.




Nodewise discretization

The equation which gives the values, over the finite-element mesh, of a

nodewise value, may be expressed for the two-dimensional mesh as: T;F%¥
NN '
hix,y,t) = E h (t) ¢ (x,y) (3.4) .
A ] -
j=1

where the nodes have been numbered from one to NN (total number of nodes in the
ki mesh). There are NN coefficients, hj(t), each of which 1s assigned the value

3

b

of head at the coordinates (xj.yj) of node number, j. These nodal head values

may change with time to represent transient responses of the system. The func-

tion, ¢j(x.y), is known as the 'basis function'. It is the basis functions which

1

spread values of head between the nodes when head is defined only at the nodal
points by values of h. There is one basis function ¢j(x,y) defined for each
node, j, of the NN nodes in the mesh. Suffice it to say, at this point, that at
the node j, to which it belongs, the basis ¢j(x,y), has a value of one. At all

1
other nodes i, i#j, in the mesh, it has a value of zero. It drops linearly in :{::1
value from one to zero along each projected element edge to which the node j is 1

connected. This means that even when all the NN products of hy and ¢4(x,y) I

L
are summed (as in relation (3.4)), if the sum is evaluated at the coordinates NN
(xj,vy) of node j, then h(x,y) exactly takes on the assigned value, hj. N

o
@

This is because the basis function belonging to node j has a value of one at :jffj
1

node j, and all other basis functions belonging to other nodes, i, i#j, have a }

value zero at node j droppirg them from the summation in (3.4). Basis functions

are described mathematically in section 4.1, "Basis and Weighting Functions."
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Cellwise discretization
The equation which gives the values, over the finite-element mesh, of

a cellwise parameter may be expresgsed for the specific storativity of the

present example as:

NN

So(x,y) = E Si(x,y) (3.5)

{=]
where S;(x,y) has the value of specific storativity of the cell centered
on node i for (x,y) coordinates within the cell, and a value of zero outside
the cell. Thus, Sj(x,y) is a flat topped 'box' standing on a cell i in
Figure 3.4, and S,(x,y) is represented in a discrete approximate way by the sum
of all the 'boxes'. Note Sj(x,y) has the same value in the z-direction from

the top to bottom of each two-dimensional element.

Reviewing the example problem, K is assigned elementwise and both S0 and 3h

at
are assigned cellwise. Hydrualic head, h(x,y,t), and element thickness,

B(x,y,t), measured in the z-direction, are both discretized nodewise, with

the nodewise expansion for thickness:

NN

B(x,y) = E B,(t)e (x,y) (3.6)
i-1

The values Bj(t) are the NN particular values which element thickness has

at the nodes, and these values may change with time in the present water-table
example. Relation (3.6) should call to mind a vision of discretized values

ot thickness represented by a surface similar to that of Figure 3.3. The head
surface of Figure 3.3 may stretch or shrink to move up or down as the head values

at nodes, hj(t), change with time due to stresses on the aquiter system. The
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nodewise discretized surface may be viewed as the water table, and the element

thickness as the thickness ot the water-table aquifer.
$.9% Integration of Governing kquation in Space

Approximate governing equation and weighted residuals method
The governing equation for the water-table example may be written in

operator form as:

. dh N s * .
(h) = 8§ — « V-(KVh) - @ =0 (3.7)
o dt :

tertain variables in this equation are approximated through elementwise and

nodewise discretization. Particular terms of the equation are approxiﬁated .
throuwgh cellwise discretization. The result is that neither the derivatives,
nor the variables are described exactly. Relation (3.7) no longer exactly

equals zero:

AN

O(h) = R{x,v,r) (3.8) -

AN

where O(h) is the result of approximating the terms of the equation and the el

variables, and R(x,v,t) is the residual value of the approximated equation. ~
When simulatine 4 svstem with a numerical model based on approximation of the
A
governing equation, 0OCh), the residual, R, must be kept small evervwhere in the
simulated region and tor the entire time of simulation in order to accuratelv
reproduce the physical behavior predicted bv the exact governing equation, (3.7).
In order to achieve a4 minimum error, a method of weighted residuals is

applied to (3.8). The purpose of the method of weighted residuals is to mini-

mize the error of approximation in particular sub-re irns of the spatial domain
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to be simulated. This is done by forcing a weighted average of the residual to
be zero over the sub-regions. This idea is the most abstract of those required
to understand SUTRA methodology. The Galerkin method of weighted residuals
chooses to use the 'basis function', ¢i(x,y), mentioned in the previous section,
as the weighting function for calculation of the average residual:

N\
o(h) ¢i(x,y) dv = J R(x,y,t) ¢i(x,y) dv = 0 (3.9)

v v i = 1,NN

where V is the volume of the region to be modeled. The model volume is com-
pletely filled by a single layer of quadrilateral finite elements. Relation
(3.9) is actually NN relations, one for each of NN nodes in the finite element
mesh as indicated by the notation, 1 = 1.NN.
In each relation, the integral sums the residual weighted by the basis

function over a volume of space. Each integrated weighted residual is forced
to zero over the region of space in which ¢i(x,y) is non-zero. This region
includes only elements which contain node i, because of the manner in which the
basis function is defined, as described earlier. Thus, over each of these NN
sub-regions of a mesh, the sum of positive and negative residuals after weighting
is forced to zero by relation (3.9). This, in effect, minimizes the average
error in approximating the governing equation over each sub~region.

After stating that the integral of weighted residuals must be zero for
each sub-region of the mesh as in (3.9), the derivation of the numerical
met hods becomes primarily a job of algebraic manipulation. The process is

N

begun by substitution of the governing equation for O(h) in (3.9):
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(So Bt) ¢i(x,y) av (Y (th)) Qi(x,y)dv (3.10) _Qz%

E v v ..

N\

* .

-f (Q )0.(x,y) dv = 0 ‘
1 o

J o
i = T.NN

The terms in large parentheses topped by a carat are the approximate discrete
l forms of the respective terms in (3.7). These are expanded in the manipulations

that follow. Relation (3.10) is discussed term by term in the following para-~

graphs. ;

v e

| L )]

3

Celiwise integration of time-derivative term ;"E
The first term involving the volume integral of the time derivative may be

' written in terms of the three space dimensions, x, y, and z. Although the gov- lﬁ
erning equation and parameters vary only in two space dimensions, they apply to

the complete three-dimensional region to be modeled. i

k

kL]

N\ N\
ah 3h -
(So at) ¢, (x,y) dV = ,[/,[(S° at) ¢,(x,y) dz dy dx (3.11) s
zZy X )

v o)

8 [ )
N\ g

3h C

v X z ]ﬂl}‘

L i _.1
The rearrangement in the final term of (3.11) is possible tecause no parameter - -1

depends on z. In fact, referring to (3.2), the aquifer thickness, B(x,y,t), :i:¢}
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may be detined as:

t

. SR

‘ B(x,y,t) = dz = h(x,y,t) - BASE(x,v) (3.12)

41

z(t)

The tinal term of (3.11) is then:

‘ .
| N

D] /;h -®
R (Sn ;?) oi(x,y) B(x,y,t) dx dy (3.1%) el
v X G

: dh
Now cellwise discretization i8 chosen for S and for ==, making these terms

I 0 at

take on a constant value for the region of each cell i. The region of cell i

is the same region over which Sy(x,v) is non-zero. Then, for any cell i, i
term (3.13) becomes: - ;

.y

dh . -

S, —i , t 3 . .-
i 9] [f Qi(x,y) B{x,y,t) dx dy (3.14) .]
v X ]

T
where S and iﬂi are the values taken bv S and iﬁ in cell 1. )
i at o ar e

It ran be shown that the volume of cell i, denoted by V;i(t), 18, in

tact, the integral in (3.14): 'f'

V.(t) = ¢i(x.y) B(x,v,t) dx dv (3.15)

For a particular finite-element mesh, the volume V;(t) of each cell is 2.

determined by numerical integration of (4.15). Numerical integration by

1
i
O

-
. . "’ ','. PEE

Gaussian quadrature ts discussed in section (4.7%), "Gaussian Integration."
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Given the value of the specific storativity of each cell, $;, the time

derivative of head in each cell, i, and given the volume of each cell, Vi(t).

oh
Jt
determined numericallv, the first term of the weighted residual statement takes

on its discrete approximation in space:

. dh v .« 3h A
(SU Br) ®i(x.\) dv = Si QLI Vi(f) (3.16)

Elementwise integration of flux term and origin of boundary tluxes
Manipulation of the second integral in (3.10) begins with the appli-

cation of Green's theorem which is an expanded form of the divergence theorem.

2

This converts the integral into two terms, one ot which is evaluated only at the

surface of the region to be simulated. Green's theorem is:

(y-w) Ady = (w_'-q) Adl - (g-yr\) dv (3.17)

\ I \'
where A is a sealar and W o is a vector quantity.  The houndary of volume V is
denoted by 1 including both edges and upper and lower surfaces of the aquifer,

and n is g untt outward normal vector to the boundarv. Application of (3.17)

to the second term in (3.10) results in:

VAN N\
- l\,-(l\'\'h)l Qi(x.\') dv = - [(Kr\fh)'r}l oi dl’

v I’

A
" (x \'h)-yoi dv (3.18)

v
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The first term on the right of (3.18) contains a fluid flux given by Darecy's

law:

€ VOUT = - KVh ' n (3.19)

where vour 18 the outward velocity at the boundary normal to the bounding
surface. Thus the integral gives the total flow out across the bounding

surface, QOUTiv in the vicinity of a node 1 on the surface:

QOUTi = (CVOUT oi) dl (3.20)

—
o

An inflow would have a negative value of QOUTiv and the relation between
an intlow, QINi’ and outflow is: QINi - 'QOUTi' Thus, the first
integral on the right of (3.18) represents flows across boundaries of the
water-table aquifer model.

The second integral on the right of (3.18) may be expressed in three

spatial coordinates.

(th)'wi dv = ff/(x@n)-wi dz dy dx
XV 2z

N\ N\
- (K Vh)-VQ1 [ dz] dy dx = (K Yh)'YGi B(x,v,t) dy dx

X v z X y

(3.21)

No term varies in the z-direction, allowing the use of (3.12) which defines
aquifer thickness B. Notice that the transmissivity as given by (3.2), 7 = KB

appears in the form of the integral just obtained.
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N

Now the approximation for the term K Vh is substituted into the integral.

Hvdraulic head, h(x,v,t), is approximated in a nodewise manner as given by re-

lition (3.4)., The integral of (3.2) becomes:

N\ ~ NN :
(K \jh).voi B dv dx = [K v 3 hj(t) oj(x,y)j-chi B dy dx
. jgl
Xy Xy
NN - NN (3.22)
= h.(t) K VQ,'VO.) B dv dx = h,tt) 1I,.(t)

31 ] ( b ' 121 i ij
7 X v

where K is the elementwise approximation for K(x,y). The summation and hj(t)

mav he factored out of the integral because hj is a value of head at a node and
does not varv with x and v location. The integral is represented by I;;(t) and

depends on time because aquifer thickness, B, is time-dependent. For each node

i, there are apparentlv j=NN integrals which need to be evaluated. In fact, due

to the wav in which basis functions are defined, there are only a few which are
non-zero, because (V@j * Vo;) is non-zero only when nodes i and j are in the
same finite element. When nodes i and j are in different elements, then Y¢j is
zero in the element containing node i.

The integrals are evaluated numerically bv Gaussian integration. This

is accompiished by first breakine up the integral over the whole volume to

be simulated, into a sum of integrals, one each over every finite element

in the mesh:
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NE “
Vé. ) B dydx= ) K (Ve .- Vo, )} B dy dx (3.23)
! L=l .
*L

There are NE elements in the mesh, L is thé element number, and xy and y|,
are the x and y spatial domains of element L. Thus, for a given L, the integral
over xj, and yj is integrated only over the area of element L.

Now the discrete elementwise approximation for hydraulic conductivity, as
given by (3.3) allows one term for element L in the summation of (3.23) to be

written as:

Ky (z¢j ' Y¢1) B dy dx (3.264)

L

Here, the thickness B is specified to vary nodewise. The formula for B in this
example is obtained by substituting the nodewise expression for head, (3.4), in-
to the definition of B, relation (3.2).

The integral over one element, as given by term (3.24), must be evaluated
numerically. In order to do this, the coordinates of the element L, which has
an arbitrary quadrilateral shape as suggested in Figure 3.3, is transformed to
a new coordinate system in which the element is a two-by-two square. Then,
Gaussian integration is carried out to evaluate the integral. For a given com-
bination of nodes i and j, this transformation and numerical integration is
carried out for all elements in the mesh in which both nodes i and j appear.
(There are 16 i~j combinations evaluated in each quadrilateral element.) The

elementwise pieces of the integral for each i-j combination are then summed

according to (3.23) in order to obtain the value of the integral over the whole
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RPN _J OBy

Fon
Ly LF 'v y
‘ PN
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region. The summation is called the ‘assembly' process. This element transfor-
mation, integration of the 16 integrals arising in each element, and summation,
makes up a large part of the computational effort of a finite-element model and
also requires the most complex algorithm in a finite~element model. It is in

this way that the second term of (3.10) is evaluated. More information on finite-
element integration and assembly may be found in numerical methods texts such as
Wang and Anderson (1982), Pinder and Gray (1977), or Huyakorn and Pinder (1983).
The details of this method as applied in SUTRA are given in Chapter 4, "Numerical

Methods.”

Cellwise integration of source term

The last term of (3.10) deals with sources of fluid to the aquifer such as
injection wells. The volume integral may, as before, may be written in x,y,

and z coordinates:

* *
- Q (x,y) ¢i(x,y) dv = -~ Q ¢i dz dy dx

\' Xy z

* (3.25)
s - Q ¢i B(x,y,t) dy dx

Xy
where thickness B is introduced because Q* and ¢4 do not vary with z. It
is assumed that all fluid entering the aquifer within the region of cell i,
which surrounds node i, enters at node i. If Qf [L3/s] is defined as the
volume of fluid entering cell i per unit time, then Q* [3'1], which is the
volume of fluid entering the aquifer per unit volume aquifer per unit time,

is given as:
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Q*(x,y) = ( (3.26)
im]

*
This is a cellwise discretization for the source term, Q . For cell i:

fo ¢inydx-——)‘[/¢inydx--Qi (3.27)

Xy

Thus all recharges within cell i due to areal infiltration, well injection or
other types are allocated to the source at node {i.
This completes the spatial integration of the governing equation for the

example problem.
3.4 Time Discretization of Governing Equation

When the integrated terms of the governing equation are substituted in

(3.10) the following results:

NN

S, V(0 S+ 3 1 () h(t) =Qy +0Q (3.28)
1 act * 2 TPy w, * Y
i = T,NN

These are NN integrated weighted residual approximations of the governing dif-
ferential equation, one at each node 1 in the mesh. Because of the summation
term in (3.28), the integrated approximate equation for a node, i, may involve
the values of head, hj(t), at all other nodes in the mesh. The other terms

in (3.28) involve only values at node i itself, at which the entire relation

is evaluated.
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All the parameters in (3.28) are no longer functions of the space coordin-
ates. Each parameter takes on a particular value at each node in the mesh.
Some of these values vary with time and a particular time for evaluation of
these values needs to be specified. Also, the time derivative requires dis-

cretization.

Time steps

Time is broken up into a series of discrete steps, or time steps. The
length of a time step, At, is the difference in time between two discrete

times, at the beginning and end of a time step:

n+l n
Atn+l =t -t {(3.29)

where Atp4) is the length of the (n+1)th time step, tM is the actual time
at the beginning of the (n+1)th time step and t"*l is the actual time at
the end of this time step. The time steps are chosen to discretize the time
domain before a simulation just as a mesh (or 'spatial steps') is chosen to
discretize space. The time step length may vary from step to step.

The entire spatially integrated governing equation, (3.28), is evaluated at
the end of each time step, t = t"*l, The time derivative of head in (2.28) is
approximated, using a finite-difference approximation, as the change in head

over a time step, divided by the time step length:

n n

dhi i hi(t + Atn+1) - hi(t ) (3. 30)

dt- At :
n+l

In order to simplify the notation, the head at the end of the time step,
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1

+ Atn+1) is denoted h2+ , and the head at the beginning of the time step

h,(t"
1

hi(tn) is denoted hz. Thus,

n+l n
T S (3.31)
de”  ~ At :
n+l

The parameters that depend on time in (3.28), Vi(t), Iij(t) and hj(t),

are alsn evaluated at the time, tn+l, at the end of a time step:
h,(t) = h?+l (3.32a)
tn+l
Vi(t)‘ . v?*l (3.32b)
t
n+l
Iij(t)ltn+l Iij (3.32¢)

The sources, QINi’ and Qi*, are assumed constant in time for present

example.

Resolution of non-linearities

The variability in time of cell volume, V;j, and the integral, Iij’

depends on the changing thickness of the aquifer with time, B(x,y,t). The
aquifer thickness at node i at the end of a time step, Bi"+l, is not known until
the head at the end of the time step is known giving the water-table elevation.
This typifies a non-linear problem wherein the problem requires values of coef-
ficients in order to be solved, but the values of these coefficients depend on
the, as yet unobtained solution. This circular problem is avoided in this ex-
ample by using estimates of the coefficient values in the solution. An estimate
of the head at the end of the next time step is obtained by a linear projection:

proj n Arn+l n n-1
hi - hi + (—KE;-) (hi - hi ) (3.33)
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A

. n+l ) . e

solved time step, which would have an exact value, hi . Actually, in addition S

AR

to projection, SUTRA also employs a simple iterative process to resolve non- .
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linearities. This is described in sections 4.4 and 4.5 under the sub-heading

"Temporal discretization and iteration.”

A projected thickness may then be determined from (3.33) as:

gt*l . gPTOl . yPTO) | gy (3.34)
i i i i
where B?+1 is the value of thickness needed to evaluate V;+1 and 12;1 , BEIOJ
n+l

is the estimated value of B , and BASEi is the value of BASE(x,y) at node 1i.

i

Now the spatially integrated equation, (3.28), may be written discretely

in time:
n+l n
h - h NN
n+l i i .n+l _n+l ~
S.V, B — + 2 I..” h, = Q..+ Q, (3.35)
il ( Atn+1 ) =1 ij j INi i
i = 1,NN
1 n+l

where V2+ and Iij are evaluated based on projected thickness, B?roJ.

3.5 Boundary Conditions and Solution of Discretized Equation

Matrix equation and solution sequence

The NN relations given by (3.35) may be rearranged and rewritten in

matrix form:
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n+l . r,on+l
5,V 0 0 0 hy A
n+l n+l
0 SZVZ 0 0 h2 L
1 n+l n+l
(Atnﬂ) 0 0 S3V3 0 1 h3
: . : ) “n+l “n+1
|0 0 0 SunV N (b 4
(_n+l n+l n+l n+l
In T2 4z Iy
n+l n+l n+l
In  Tap Iz ,
n+l n+l n+l T
s+ | Tsn ez Iag '
n+l o
T4l -3
: L .
S O =
I“+1 . . . .
NN, 1 o]
L. - &
n+l . n * L
Sl Un, Q 2
n+l . n * 2o
( 1 ) S V2 M Qrw, Q .
= ntl n § + + * (3.36) .
At s S3 V3 by N, Q3 =
z s s 7
n+l . n * o
Swn Yy Pan gy Onn
.®,
By adding the two matrices on the left aside, and the vectors on the right .
side, a matrix equation is obtained which may be solved for the model heads j
®
at the new time level, t“”, on each time step: .
_.
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n+l
S.V n+l n+l n+l n+l
L T2 I3 : I, NN by
At 11
n+l .
n+l ’
n+l S,V .
I 2 2 n+l n+l n+l
21 (K't_—”zz ) I3 ' hy
n+l .
n+l n+l ) ) n+l
3 '3 . I "3
. . . n+l .
SV
n+l ( NN'NN . _n+l )
I * e e s s+ s e & e e e o e 2 s e e 2 n+l
u NN, 1 Atn+l NN, NN | hNN
n+l . n *
Sp Vi ohy ot le 9
Atn+1
n+l n *
- Sp Vo  hy # sz 9
Atn+l
S (3.37)
n+l n
SNN VNN hNN *
At * O * Quy
n+l NN

The solution progresses through time as follows: On a given time step, the

n

3

nodal heads at the beginning of the step are known values and are placed in h
on the right hand side vector of (3.37). The thickness~dependent values are
determined based on the projection of B in (3.34) using projected head of

(3.33). The integrals and volumes are evaluated and the matrix and vector com-
pleted. The nodal heads at the end of the current time step are solved for by
Gaussian elimination for the (banded) matrix on the left of (3.37). The new
heads are then placed on the right side of (3.37) into hn, and a new time

step 18 begun.
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Specification of boundary conditions

Before solving the matrix equation as described above, information about
boundary conditions must be included. 1In the case of solving for heads, the

boundary conditions take the form of either specified fluid fluxes across

boundaries which are directly entered in the terms, QINi’ or of particular
head values specified at nodal locations. At a point of fixed head in an aquifer, T‘_"F
a particular value of fluild inflow or outflow occurs at that point in order to ]

keep the head constant when the aquifer is stressed. It ig this flux of fluid

which is added to the model aquifer in order to obtain fixed heads at nodes.
Consider the closed system of Figure 3.5 in which head at node i, hy, is
to have a gpecified value, hpc, for all time. A well is removing water from
4
the system at an internal node. A core of porous medium with conductance v is T;i?
connected to node i. The head outside the core is held at the specified value,

hgc. The head at node i, hj, is calculated by the model. A flow of QBCi

. HE A
@, ...

[L3/s] enters through the core at node i in order to balance the rate of fluid

removal at the well. The resulting head at node 1 depends on the conductance

H

b NI IR

- L S .
S . et
-. o h T
. AT AT STe)

‘

value v of the core. If v is very small, then a large head drop is required

'
v
bk

across the core in order to supply fluid at the rate the pumping well requires.
This results in hj having quite a different value from hge. If, however, v

is very large, then the value of head at node i, is very close to hpgg, as only

L,
W 25 T I T I ]

T
“ ,"
I

a minute head drop across the core supplies the fluid required by the well.
Therefore, by applying flux to a node through a highly conductive core, the out-

side of which is held at a specified head value, the node responds with a head

H
1
)

value nearly equal to that specified. An advantage of specifying head this way

o
ey
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CONDUCTANCE

node;

WELL

INFLOW = Qgc, = v thgc— h;)

Figure 3.5 : --:j
Schematic representation of specified head (or “1
pressure) boundary condition. e~
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is that when head at a node in the mesh is fixed, a calculation of the flux
entering the mesh at this node is obtained at the same time.
This flux is defined as follows:
Q = vy (h - hn+1) (3.38)
BC BC i
i i
where QBC is the inflow at node i resulting from the specified head boundary
i
condition, v is the conductance of the 'core', and thi is the specified
value of head at node i on the boundary.
The matrix equation (3.37) may be written in short form as:
n+l
NN S, V )
+1 . n+l i i n ~
T Mi3 hy o= f ——=— BT +Q, + Q. +Q (3.39)
351 3 At ., £ 7% T VINGT UBCy
i = 1,NN
wherein an additional flux QBCi has been added to account for specified

head nodes. At such a node, say node A, the equation is:

n+l
NN S Vv
n+l  n+l A A n ® , _ ontl
j§1 MAj hj (———_Atml )hA + QA + QINA + v (hBCA hA ) (3.40)

where v is very large, then the last term dominates the equation and (3.40)

becomes:
n+l
hA = hBC (3.41)
A
Thus the specified head is set at node A, but as hR+1 and hBC are slightly

A
different, a flux may be determined from (3.38).
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The third term of expanded relation (4.39) involving the divergence of

fluid flux is weighted with the asymmetric function. The asymmetry is intended

for use only in unsaturated flow problems to maintain solution stability when

the mesh has not been designed fine enough to represent sharp saturation fronts.

In general, the usual symmetric function is used for weighting this flux term

even for unsaturated flow, but the term is developed with the asymmetric function

.
2

in order to provide generality. Green's Theorem (3.17) is applied yielding:

] f { Y'[('E krp)/? (YP - 05)- } 0, (x,y) dV ;‘

\' u e ) 1
/\ .
S (GO TR CR) FPa ,.
r " d .
.o
A (4.43) -7
| [(‘k———k“’) - (- "E)] PRy AV "
v " '}f
C
wherein the terms with carats are approximated discretely as described below, ®

n is the unit outward normal to the three-~dimensional surface bounding the :;u
region to be simulated, and ' 1s the surface of the region. The asymmetric fﬁj
weighting function in global (rather than local) coordinates is denoted, ih
mi(x,y). The first term on the right of (4.43) is exactly the fluid mass flux

{see Darcy's law, relation (2.19)) out across the region's boundary at node i,

qOUTit) in units of [M/s]: ~’h
N kK N (4.44) B

qOUT(t) = j.(coy -g) Wy dlr = j. (= rp) . (Yp - og) *n oy dr 3}i
1 r T M .
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whare wiiv vy ia rhe wveighting function in global coordinates chosen to be

sicher the basis tunccion, ojux,vi or rhe asymmetric weighring function,

cjty,vi, ddepending on rhe term of the equation. Relarion (4.38) is approxi-
a)

mited discrotely oand substituted for O (p U in (4.39). The resulting set of
b ‘

inreoral rerme js oviiuated, one rerm at a time in the following paragraphs.

The tirse rterm is an inteegrai ot the pressure derivative:

W

. N :
" A 435\ dp .
, NN + £ — 0. {x.v) By (4,509
3 op ap at 1

vhere the 1erm in brackers is discretized celivise, wirh one value of the term
for each ot rhe XX rcells in the mesh, and the weighting ftunctien is chosen to be
the basis funceion (wrirten in global coordinares) The carat (71 or large
carar (2% over a term indicates that it has been approvimared in one of the
rhreo wavs.,  Because the cellwvise-approximared term is constant for a node 1, it
te removed trom the integral leaving onlv the basis function to be integrared.
“he volume integral of o (x,vi gives the volume Vi ot cell i according to

1

redation (4,101, The term (4.49 ) becomes:

/ PR an
n L e -7‘{-1 \ (3. 410
IN oy an i [eA 1

the zerond rerm of the expandod form of (4.39) is also 1 vime derivative

s}

vnirh g anprovimarted ceijwise:
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4.4 Numerical Approximation of SUTRA Fluid Mass Balance

The governing equation representing the SUTRA fluid mass balance (2.24), is
modified by the addition of a point source term which is used to insert points
at which pressure is specified. This is done as described in text referring to

relation (3.38).

k ko
'Y'[( u)'(—‘z""’ﬁ’]'qp (4.38)

'“p("BC'p) =0

The last term is the source term arising from a specified pressure condition,
wherein v;, is a 'conductance' and ppc(t) is the externally specified pressure
boundary condition value. When Vp is set to a sufficiently large value, the
last term becomes much larger than the others in (4.38), and p = pgc, which is
the desired boundary condition. Relation (4.38) is numerically approximated in

the following sections.

Spatial integration

When the equation for Op(p,U) is approximated through nodewise, elementwise
and cellwise discretizations, it no longer exactly equals zero. The approximate
N

equation, OP(p,U), equals a spatially varying residual, Rp(x,y,t), as shown

in (3.8). A weighted residual formulation may be written as:
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The values of V¢ are in global coordinates and are obtained by transformation
of derivatives calculated in local coordinates.

Gaussian integration is applied independently to each integral:

2 2
A, = E E [(V@, . V¢,)B, (det J)k (4.36)
ij =] -1 i £ n )
K,=1 K =1 Keo K
£ n

or equivalently as a single summation:

4
A, = Z [(vm. - v¢.) B. (det J)k (4.37)
i =030 2Pi) N £ .n
KG KG)

where KE and Kn refer to Gauss point locations in the £ and n directions, and

where {ro and ngg refer to the four Gauss points arising in (4.36) as depicted
in Figure 4.3. Thus, in order to evaluate the integral (4.34) over a given
element, onlv four values of the integral need to be summed as given in (4.37),
with one value determined at each of the four Gauss points.

In the case where an element is a non-rectangular quadrilateral with
variable thickness B, the polvnomial to be integrated in (4.35) is of fourth
order as each of the terms may vary linearly in the same direction. Otherwise
it is alwavs of third order or less, and two~point Gauss integration provides
exact results.

Note that the summation indication by (%4.37) over the Gauss points is
carried out by SUTRA subroutine 'ELEMEN' for each element in the mesh and for

each integral which requires evaluation.
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NODE 4
(-1,1)

NODE 3
(1,1)

GAUSS POINT 4
X ]
(0.577, 0.577)

GAUSS POINT 3
X
(—0.0577, 0.577)

T——————————————»
4

__________ H————»>¢

(-0.577, -0.577)
X
GAUSS POINT 1

X

(0.577, -0.577) —%’
GAUSS POINT 2 :

(1,-1)
NODE 2

___.qa____._______-
—

,
. T O
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e,
Akoak

Figure 4.3

Finite element in local coordinate system with Gauss .
points. Sy
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encountered are usuallv of order three or less. In this case, the constants,

Gge have a value of one and (4.32) simplifies to:

= 2
] f(1) dt = ZE: f(rKG) (4.33) 1‘f7;

-1 KG=1

The values of 1gn for Gauss points one and two, are minus and plus 0.577350269189626,
(or + 3% respectively).

The need to define a two by two element in local coordinates is apparent
here. Gaussian integration is done over a range of two from -1 to +1. In order
to integrate a term of the differential governing equation over an arbitrary :J

, . - @
quadrilateral element in the mesh, the limits of the integral must first be - ”4

transformed to values of -1 and +1, that is, to local coordinates. When inte-

grating a double integral, both integrals must be transformed to have limits of C ]
—

. , , ( ]

-1 and +1, and two Gauss points are needed in each coordinate direction. These —

are defined as shown in Figure 4.3.
An example, evaluating the integral of (3.24) follows: The integral to

evaluate 1is:

Ay = f / (Yo, - ¥6,) B, dy dx (4.34)
'L

where x. and y  indicate that the integral is over the area of an element L in

L L

P

global coordinates. First, the (x,y) integral is converted to an integral in

local coordinates (£,n) through use of the Jacobian:

‘4'
o
{
i

o et . .
oo L G St L . . a v
.o Lte PP K -5 v o
L N S I . el
7,5 et T P A L, P
’ Lt et e . PP e s
A4 " . A . -

+1 +1 :ﬂ::.:

. ’ -\'?\

Aij = j‘ j~ (Y¢j Y¢i) Bi (det J) dn d§ (4.35) - ]
E=-1 n=-1
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[J_l ] = (a;h) -3, 3 (4.29)

where det J is the determinant of the Jacobian given by:

det J = J11 J22 - le le (4.30)

The determinant may vary bi-linearly over an element.
Differential elements of area, dA, are transformed between local and global
coordinate systems as:
dA = dx dy = (det J) df dn (4.31)
Note that the Jacobian matrix, determinant of the Jacobian, and the deri-
vatives of the basis functions in local and global coordinates are calculated

in SUTRA subroutine, 'BASIS2'.
4.3 Gaussian Integration

Gaussian integration is a method by which exact integration of polynomials
may be carried out through a simple summation of point values of the integrand.

The method is:

T=+1 NP
/. f(1) dt = E GKG f(tKG) (4.32)
T=-1} KG=1

where f(1) is the function to be integrated between 1 = -1 and T = +1. KG is the
Gauss point number, NP 1s the total number of Gauss points, Ggg is a constant,
and 1gg is the location of the KGth Gauss point. An exact integration is guar-
anteed by the sum in (4.32) if (2n-1) Gauss points are used for a polynomial f(1)
of order n. For evaluation of integrals which arise in the SUTRA methodology,

only two Gauss points are used in a given coordinate direction as the integrals
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involves a linear remapping in each coordinate direction and employs the basis
functions to provide mapping. The Jacobian matrix [J] is calculated separately
for each element that requires transformation and may vary from point to point

in an element.

X, Y
[ J ] = X2 Y2 (4.25)
X, Y
2@, 39, 3@, 3%, 373
an an an an XA Va4

The numbered subscripts refer to the local element numbering of Figure 4.1.
The Jacobian matrix is used to transform derivatives of basis functions from

the global to the local coordinate systems and the reverse:

39, x Yy 3,
Fd T3 52
= (4.26)
ax 3y 2.
EIR ™ i
an] an an dy
20, 29,
T . [ J—l] ¢ (4.27)
ad. a8,
where:
%o
[J] - o (4.28)
an an

The subscript j refers to any one of the four nodes in an element and oj refers
to the global basis function as defined for the jth node in an element. The
same transformations apply to derivatives of the asymmetric weighting functions
which are denoted wj in global coordinates. In (4.27%, [J‘l] is the inverse

Jacobian matrix defined as:
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The parameters aE and an determine the amount of asymmetry (or upstream
weight) in each coordinate direction. When these parameters have a value of
zero, then the basis functions and their derivatives, equivalent to (4.5)
through (4.12) are exactly obtained from (4.13) through (4.22). The values of

a, and an depend on location in the element:

£
v
aE(E.n) = (UP) (-;—i-—— ) (4.23)
'—locall
v
a (E,n) = (UP) (-—“— ) (4.24)
n '!locall

where UP is the fractional strength of upstream weighting desired (chosen by the
model user), vg(&€,n) and vp(&,n) are the components of fluid velocity given
in terms of local element coordinates, and lglocal(E.n)l is the magnitude of
fluid velocity given in terms of local coordinates. Each velocity component may
vary in value throughout the element. A description of the calculation of fluid
velocity is given in section 4.6, "Consistent Evaluation of Fluid Velocity."

Note that the basis functions, weighting functions and their derivatives are

calculated by the SUTRA subroutine 'BASIS2'.

4.2 Coordinate Transformations

During calculations for the finite-element mesh and during integral
evaluations, transformations are required between the global (x,y) coordinate
system in which an element may have an arbitrary size and quadrilateral shape, ﬂiji
and the local (£,n) coordinate system in which each element is a two by two

square. Transformations are required in both directions. The transformation

- L s
0 . [N . . . "
‘e '...r.'. P o
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to give an 'upstream weighting' to the advective flux term in the transport

equations or to provide 'upstream weighting' to the fluid flux term in the fluid

mass balance when the medium is unsaturated. The asymmetric functions are defined

as follows:

2.
AP

L)

(4.13)

oo o
]
j= oy
b3
e
1
Q..

Hl(ﬁ,n) =

o

' ...,.
. St
e
Aot

VR Y

( (

ot = (5, + ) (1) (w1
( (
( (

. *
; QB(E’H) = H+ + H ) (4.15)
¢
’. -
* *
(@ O,(6,m) ={3 -3 H +H) (4.16)
s 4 - +
-
i where:
2 - 32z @ 4.17
= = ag S_E, (4.17)
* Ja_ Z = 4.18
H = Ja E_E, (4.18)

The spatial derivatives are:

36 L (. * 0, 1 I
Tl () | CRE S B R A san) (5 - 2°) (419
P 1 ) * 90 1 . - -* ¥
—_ = - - - —) = . = - - = .2
P + 5 (l 5365) (H_ H ) e 5 (1 Jann) (H+ + = ) (4.20) i ‘l
a9 1 * 96 L = X 2 e
6{3 = 4+ 5 (1—3a€£) (H+ + H ) an% + 5 (l 3ann) (H+ + = ) (4.21) ‘f;ﬂ
e
-9
90 l * ig = = - ot :* el ﬂ*
29, .- (1-3355) (H+ + H ) B - (1 3ann) (u_ 5 ) (4.27) ]
T
. o
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Ql(c..n) =
2,(6.n) =
93(E.n) =
QA(E.n) =

¢} [¢9)]
=} X

13
oo}

Z H
- 4

(4.5)

(4.6)

4.7

(4.8)

The two-dimensional bi-linear basis functions, when defined in the local element

coordinate system are denoted as Qi(E'n)’ i=1,2.3.4.

defined for each node.

There is one basis function

The basis function Qi. defined for node i, has a value of one at the node

and a value of zero at the other nodes.

The surface representing Qi(E.n) over

an element is curved due to the product of § and n in equations (4.5) through

(4.8).

A trajectory in the surface parallel to

perfectly straight line as shown in Figure 4.2.

ivatives of the bi-linear

ordinate:

tvlo)
[t el

|3
(A8

L}

+

Q
o

B
w
]
+

vl
faa] Fol
&
n
!

Asymmetric weighting

method (one version of which is described in Huyakorn and Pinder, 1983).

basis functions which

[Ny o 0 =
o of =+ = o
w
[ ]

[ S [
> o}
£
]

functions are defined

an element side, however, is a
This is born out in the der-

depend on only one space co-

-3 = (4.9)
-3 =, (4.10)
+3 oz, (4.11)
+3 8 (4.12)

for use in a Galerkin-Petrov

These

are not applied for nodewise discretization of parameters. but rather for

weighting in the volume integrals of the governing equation.

They may He used
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Chapter & :{f
Numerical Methods ,%?
"
In this section, the numerical methods upon which SUTRA is based are presented -
in detail. The purpose of this presentation is to provide a complete reference for _t{
the computer code. f]
4.1 Basis and Weighting Functions
4
Basis functions, weighting functions and their derivatives are all described
in local element geometry. In a local coordinate system, every element takes the ‘
shape of a two by two square. The local coordinates, £ and n, are shown along 'i
with a generic local finite element in Figure 4.1. The origin of the local
coordinate system is at the center of the element. Local node one always has
local coordinates (£, n) = (-1, ~1). The other nodes are numbered counter- '—i
clockwise from the first node as shown in Figure 4.1. ?;ﬂ
The following one-dimensional bas‘{s functions are defined over the region e
of the element: ;i
= 1
g (g) = 3 (1 - &) (4.1)
o 1
:+(E) =3 (1 +¢&) (4.2)
. |
1 e
H (n) = 7 (1 - n) (4.3) Sl
Ho(n) = = (1 +n) (4.4) o~
L 5 n . S
These linear one-dimensional basis functions are continuous in £ and n and »q
have either a value of zero or one depending on whether £ or n have a value
of 41 or ~1. The one-dimensional functions are combined to create the bi- o
L

linear basis functions used in SUTRA: -
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This term is used to specify fluid flows across boundaries in SUTRA. Note that
an inflow, qINi(t) is qIN; = -9ouTy-

The second term on the right of (4.43) is approximated using a combination
of elementwise and nodewise discretizations. The approximation of (Vp - pg)
requires particular attention and is discussad in section 4.6, "Consistent
Evaluation of Fluid Velocity." The permeability tensor appearing in (4.43) in
general has nine components, however, (Vp - pg) is always zero in the third
spatial direction due to the assumption of a two-dimensional model. Thus only

four components of the permeability tensor are required:

- ST
k- = W (4.45)
= L L
k K
yx yy
wherein k and is discretized elementwise as indicated by EL. The pressure is
discretized nodewise:
NN
pix,y,t) = ¥ pi(t) ¢i(x,y) (4.46)
i=]

Relative permeability, k., depends on saturation which, in turn, depends on
pressure. Relative permeabilities are evaluated at each Gauss point during
numerical integration depending on the saturation (and pressure) at the Gauss
point. Viscosity is evaluated at each Gauss point for energy transport as a
function of nodewise discretized temperature, and is constant for solute

transport.
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Densityv, p, when it appears in the permeabilitv term, is also evaluated at
each Gauss point depending on the nodewise discretized value of U at the Gauss
point. The density appearing in product with the gravity term is expressly
not evaluated in this usual manner. A particular discretization is used which
maintains consistency with the Vp term as described in section 4.6, "Consistent
Evaluation of Fluid Velocitv". This consistentlv-evaluated pg term is denoted
~% .
pg, (see relation (4.103)).

The second term on the right of (4.43) is thus approximated as:

NN . ({1 krp
]-El Pyt / '[(k ) (T)J'Wj}'y“i Blx.y) dy dx (4.47)
. . ) g -
- [ j :i(EL)( _E_ )] : [(Dg)J . \Zwi B(x,v) dy dx
X Y

A S ——

Lo, . , . ‘o k
where k' indicates an elementwise disrretized permeability tensor, ( rp)
u

indicates the value of the term based on nodewise discretized values of p and U,
and (gg) indicates a discretization of (pg) consistent with the discretization
ot Vp.  The thickness of the mesh, B(x,v), is evaluated at each Gauss point
depending on 4 nodewise discretization:

NN

Btx,v) = Y .0, (x,v) (4.48)

i=1
where Bi is the mesh thickness at node i. Note that mesh thickness is fixed
and may not varv in time as was allowed for illustrative purposes in Chapter 73,
"Fundamentals of Numerical Algorithms."”

Thy Jast two rterms of (4.738) arve approximated cellwise with a basis

tfunction for weighting,
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- / Qp Oi(x.y) dv - /.[vp(pBC - p)] wi(x.y) dv =
f

The cellwise discretizations which are employed in the above evaluations are:

"0 “i(chi’ pi)
(4.49)

%+ 1 (7) (450
A /\ .
lQPBC] ) [vp(pBC B P)] - jgl [(Vi) (pBCi- Pi)] (4.51)

where Viis the volume of cell i, Qi(t) [M/s] is the total mass source to cell i,

[M/Lj-s] is the fluid mass source rate due to the specified pressure, and

QPBC
vj[L-s] is the pressure-based conductance for the specified pressure soufce in
cell i. The conductance is set to zero for nodes at which pressure is not
specified, and to a high value at nodes where pressure is specified.

By combining and rearranging the evaluations of approximate terms of

(4.39), the following weighted residual relation is obtained:

NN ;:. - :

odp. L o dU L | ]
AFpgrt R gt *.§l py(t) BE o+ vipy = Q) # Vipge *apy * DFy pOR
= i i T
.
— (4.52) N “74
i = T.8N L
where: \
aF. = s o5 o+ ep W) v (4.53)

i wp'np P ap Ji 1" ) -“f,

ce. = fes 22) v (4.54) o
i won)i Vi R

BFgy = / / ’ (kL) (kf°) Wo.l Ve, B dy dx (4.55) S

ij J 1= —J) i i S

u -

X v e

. -, A - - ~ . )

bF = / /.% (EL) (krp) : [(pg)]} . Vw B dy dx (4.56) _

1 . " B 1 - .

X Vv .
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The only integrals requiring Gaussian integration are BFij and DFi' Note that

these are evaluated in SUTRA subroutine ELEMEN in an element by element manner.
The other terms except for those involving v, are evaluated cellwise (one for
each node). Note that this is done by subroutine NODALB, and the specified

pressure terms are evaluated by subroutine BCB.

Temporal discretization and iteration

The time derivatives in the spatially discretized and integrated equation

are approximated by finite differences. The pressure term is approximated as:

pn+l pn
dpy , L= 4 (4.57)
dt Atn+1
where
n n
Py - Pi(t ) (4.58a)
n+l n n+l
P, - pi(t + Atn+1) - pi(t ) (4.58b)
and
n+l n
Atn+1 t -t (4.59)

1

, +
The new or current time step, At begins at time t" and ends at time t" .

n+l’
The previous time step for which a solution has already been obtained at time
t" is denoted Atn.

The term in (4.52) involving the time derivative of concentration or temp-

erature, g%, makes only a very small contribution to the fluid mass balance. For

solution over the present time step, Atn+1’ this derivative is evaluated using

information from the previous time step, as these values are already known:
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n n-1
n u - U
du, _ fdu.y _ i 1
det (dt‘) at_ (4.60)

oS AERAMAMSIL N At A

This approximation gives a simple method of accounting for this small
contribution to the fluid mass balance.

All other terms in (4.51) are evaluated at the new time level tn+1 for

solution of the present time step, At except for the density in the

n+l’
: % . n S

consistently discretized {pg} term. The density is evaluated based on U(t ), s

the value of U at the beginning of the present time step. Because coefficients

depend on the, as yet, unknown values of p and U at the end of the time step, ] ~j*

one or more iterations may be used to solve this non-linear problem. On the

first iteration, and when only one iteration per time step is used, coefficents

are based on a projected value of p and U. - L
At
proj _ n n+l n _ n-l
Py ~ TPy ? ( At ) (pi Py (4.61)
n

j Atn+1 n n-1
L T (-————) (U. - U ) (4.62)
i i Atn i i

These projections estimate the p and U values at a node 1, p?roj and U?ro], at

the end of the present time step, Atn+1, based on linear extrapolation of the

-~

two previous values of p and U. All p and U dependent coefficients (except pg)
in (4.52) through (4.56) are estimated at time level tn+l. These coefficient
values are based on the most recent values of p and U, be they projections or
solutions to the previous iteration. Iterations end when the maximum change in

p and U at any node in the mesh falls below user-specified criteria of absolute

change in p and U.
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The weighted residual relations (4.52) may thus be written in a form which

. n+l .
allows for solution of pressures at nodes, P, at the end of the present time

step:
n+l
AF NN
i n+l - n+l n+l n+l n+l
(At ) Py + .2 Py BFij + v Py Qi (4.63)
n+l j=1
AFn+1
n+l n+l (n+l)* i n+lY) (dU.\n
* vy Pgc  tapy *DE (At )pl * (CFl )(dtl)
i i n+l
i = 1,NN

where the superscript involving (n) or (n+l) indicates level of time evaluation.
The term with level (n+l)# indicates that the (;g) term is evaluated at the (n)
time level on the first iteration, and at the most recent level on subsequent
iterations. The other coefficients are evaluated at the (n+l) time level by

projection on the first iteration, and at the most recent level on subsequent

iterations.

Boundary conditions, fluid sources and sinks

Specified pressures are obtained through the cellwise addition of a fluid flux,

(see Figure 3.7), Q {M/s}| with reference 1t (4.49):

BC,
i
n+l ] n+l n+l
QBCi = 1 (pBCi P ) (4.64)

For a cell in which vi is specified as a large number, this flux term dominates

. + + . . ces
the fluid mass balance and pgcl = p: l, achieving a specified pressure at the
i
node representing cell i. Note that specified pressure may change each time step

For cells in which pressure is not specified, vi is set at zero, and no fluid

is added to the cell by (4.64).

Both fluid sources, Q2+1, and fluid inflows across region boundaries,

q?;l, are specified cellwise. They directly add tluid mass to the node in
i
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cell i. Thus, fluid sources and boundary inflows are indistinguishable in the

model. Fluid sources and flows across boundaries are both accounted for by the

vector Qz+l in SUTRA, and are referred to as fluid sources. Thus the term,
n+l

q ’
INi

to include the boundary flows.

in (4.63) may be dropped and the definition of Q:+l may be generalized

The form of the discretized fluid mass balance implemented in SUTRA is as

follows:
NN
AFi Gij n+l n+l n+l n+l
2 : [( At )+ BFyy * "1613] P, T Qo+ VP
n+l i
j=1
n+l (4.65)
AF n
(n+l)%* i n n+l duU —
+ DFi + (At )pi + (CFi )(dti) i = 1,NN
n+l
wherein 61j is the Kronecker delta:
0 1if 1#j
61j {1 f i=j (4.65a)

4.5 Numerical Approximation of SUTRA Unified Solute Mass and Energy Balance

The governing equation representing the SUTRA unified energy and solute
mass balance (2.52) is modified by the addition of a point source term which

arises due to fluid inflows and outflows at points of specified pressure:

au
o, (W [cswocw + (1 eloc e * eSwpcwg Yu

-V . {ocw[es (0 I + D) + (l-¢)o I] . VU}
- W ow= = 8= -

* w s w s
- - - | - - - - -
Qpcw(U U) cSwpyl U (1 e)psy1 Ua cswoyo (1 c)psyo
- QPBCCw(UBC - ”) =0 (4.66)
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The last term is the solute mass or energy source due to fluid inflow at a point
of specified pressure, QPBC [M/LB-s] is the mass fluid source rate given by
(4.51), and UBC is the concentration or temperature of the flow. For outflow,

UBC= U, and the terms goes to zero. Relation (4.66) is numerically approximated

in the following sections.

Spatial integration

When the equation for Ou(U) in (4.66) is approximated through nodewise,
elementwise and cellwise discretizations, it no longer exactly equals zero. The
N

approximate equation, OU(U), equals a spatially varying residual, Ru(x,y.t),

as shown in (3.8). A weighted residual formulation may be written as:

N S
f 0,(U) W (x,v) dV = 0 i = 1,NN (4.67)
v

where Wi(x.y) is the weighting function, chosen to be either the basis function,
¢i(x.y) or the asymmetric weighting function, wi(x.y). depending on the term

of the equation. Relation (4.66) is discretized and the approximation is
substituted for O:}U) in (4.67). The resulting set of integral terms is eval-
uated, one term at a time, in the following paragraphs.

The first term is an integral of the temperature or concentration time

derivative:

/.)lss pc  + {}—E)D c ] J
’ Tww s

\%

>l

' o.(x,y) dV (4.68)
t( i

where the term in braces is discretized cellwise, and the weighting function is
the basis function, (written in global coordinates). As the term with a carat
in braces has constant value over a cell, i, the integral contains only the
basis function and equals the cell volume, Vi. according to (3.15). Thus the

term is:
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[eswpcw + (l-e)pscs]i 5;1 Vi (4.69)

The second integral is:

N\
/(GS pc v-VU) w,(x,y) dV (4.70)
w W i
v

where the asymmetric weighting function is chosen to allow the use of ‘upstream
weighting' for this term representing advective transport. 'Upstream weighting' ;‘ Ty
is intended for use only when the finite-element mesh has been designed too ;
coarse for a particular level of dispersive and advective transport. The ) .J?
asymmetric function adds dispersion in an amount dependent on element length

in the flow direction. As a result, it changes the parameters and thus changes

'-‘_. ' . .
a _!A" PRI

the physics of the problem being solved. This term is written in general to
allow upstream weighting, but simplifies to weighting with a basis function when
upstream weight (UP in (4.23) and (4.24)) is set to zero. Thus, in order not to R
R
alter the physics for most simulation problems, this term will have symmetric .,._1
wveighting. ;*i
The coefficients in this term (except velocity) are evaluated at each -]
—
Gauss point and are represented depending on nodewise discretization of p and . @
U. Porosity is discretized nodewise. Nodewise discretizations of € and U :
are written: »l
-1
NN 4 lﬁ
€(x,y) = ¢ = Z e, 0,(x,y) (4.71)
IR
i=] ]
BRI
NN °
]
U(x,y,t) = E Ui(t) Qi(x,y) (4.72) :
i=] .
3
-h
)
117 ]
]




PO - Tl e mat I SR ST Dl W D S DU R St T 0 G SR S S G- T -TP A ST SH S S U S, S SOl TN SRS IR VOIS OO oSO - Sus -3

- - - Ao ghattt | hd ™ POt i T.N L e v L i) 13 - w L i alE) w e e L IR

The velocity is evaluated at each Gauss point during numerical integration
in a particular way that depends on consistent discretization of Vp and pg terms

*
in Darcy's law. This consistent approximated velocity is denoted v. Thus the

term (4.70) is evaluated as:

NN - ~%
jgl Uj(t) /./' [c (Swp) cu v o g¢j] mi(x,y) B(x,y) dy dx (4.73)
Xy

wherein B(x,yv) is the nodewise-discretized mesh thickness (4.47). Specific
heat, . is a constant.

The third term of (4.67) is:

v} - . 1}
/.Y )pc eSw owi + E + (1 E)OSL VL ¢i(x,y) dv (4.74)
\Y%

where the basis function weights the integral. Green's Theorem (3.17) 1is

applied to (4.74) resulting in:

f QO 1o

csw(cw_l_ + g) 4 (l—c)osl ‘YU§‘D ¢i(x,y) daf
N\

.

\ | (4.75) :
+ -/-<'or cSw(uwl + 2) + (l-e)osi -_YU}-Y‘bi av .1
vt : 3
where the carat refers to the entire terms in braces. The first term represents it?&
the diffusive/dispersive flux of solute mass or energy out across a system boundary ‘:zi
b
in the region of node 1. This term is denoted, VOUTi' An influx would be —_fjj
-VQUTl or YINi. The second term is based on nodewise discretization of U. _}?ii
The roefticients p and Sw are evaluated at Gauss points based on nodewise dis- ?if;?
cretization of U and p.. Porosity, ¢ 18 discretized nodewise as in (4.71), and ~
e

cr ow and Us are constants. The dispersion tensor, D, 18 evaluated at each

el ndemadhh,

1

Y AV |‘
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Gauss point according to equations (2.38) through (2.40b). Velocities used in

Aty

n
this evaluation are the consistent values, v, and dispersivities, aL

are discretized elementwise except that @

for the anisotrtopic media model. The approximated D is denoted, 2
term (4.74) is evaluated as:

v Mo of [ fec]s 1-¢ Ly
- INi + I b.(t)] / 'pcwlesw(owi + 2) + (1-¢) osijf'—¢j B(x,y) dy

j=1

X v

and «

Thus, the

dx

T,

is evaluated at each Gauss point

(4.76)

The remaining terms in (4.67) are discretized cellwise with the basis

function as the weighting function:

A
) j lQpcw(b ‘U)J ¢3lx,y) dv = - Qicw(”i - L'i)
v
A
. Y. . w .
- / lesw071 UJ ¢i(x,)) dv - leswpylj UiVi
g :
v
A
' s .. . s
- ““'“"571 LSJ 0,(x.y) dv l(l—e)psvl USJiVi
. A
~ w S W sl.
- / leswoyo + (l-¢) psroj ¢i(x,y) dv - leswpyo + (l-e)psyojy‘i
\' i
A
- i - 1 v . e - i _ .
} lQPBCCW(UBC L)J 03 (x.y) dv QBC.Cw(LBC Ui)
; ' i i
\"
where:
We = ”i(psc. B pi)
i i
and:
Qe = 2 ()
PBC . \Y
i=}] i
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The relation, (4.79), is non-zero only for solute transport and the value of Us
is given for solute trasport by the adsorption isotherms in the form:

US & Cs = sLC + g (4.84)

where N and sp are defined in section 4.7, "Temporal Evaluation of Adsorbate
Mass Balance." In the above cellwise relations, Cyr Pgo 7Y, and yf are constant,

w . ,
and Yo 72, sy and s_ may vary cellwise and with time.

R
By combining and rearranging the evaluations of integrals in (4.67) and the

definition (4.84), the following NN spatially discretized weighted residual re-

lations are obtained:

qu. W NN
ATi rret +j§1 Uj(t) DTij + j§1 UJ.(t) BTij - (GTi + GSTLi) Ui(t) + Qichi(t)
+ ) * + ¢ + ET G TR (4.85)

Qg Cy Uilt) = Qe Uy + Qpe e Upe + ¥y it GTRy .

i i i i
i =1,NN

where:

ATi = [eswpcw + (1—e)pscs]i Vi (4.86)

D ¢ Sy dy d (4.87

Tij = [e(Swp)cw! _¢j] w, B dy dx .87)
xy

~ - - (4.88)
BTij = /.j.{pcw[ esw(owi + 2) + (l—e)osi]- g¢j}-g¢i B dy dx

xYy

w
GTi - (ESw p 71)i Vi (4.89a)
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GSTLi = [(l—e)osyl SLJi Vi (4.89b) w0
T y ' (4.8 -
GSLRi = l(l-e}psyl sR]i \i .89¢) i
T

w S - Al

ETi lsswpyo + (1 e)psyoj Vi (4.90) -

i X 7
The only integrals requiring Gaussian integration are D"[ij and BTij. Note that :
these are evaluated in SUTRA subroutine ELEMEN, in an element by element manner.
The remaining terms that do not involve QBC are evaluated cellwise by SUTRA sub-

routine NODALB. Also note that the flux terms arising from specified pressure

(those with QBC) are evaluated by subroutine BCB.

!

R
-
h
.
"
b/

Temporal discretization and iteration

The time derivative in the spatially discretized and integrated equation

is approximated by finite differences:

n+l n L.
U - U Sl
v, ., A1 e
der ° At (4.91)
n+l "
where: 4
.n n
vl u e (4.92a)
™ e G Aty = U™ (4.92b)
t i n i

All terms in (4.85) are evaluated at the new time level, tn*l, except the
velocity in (4.87) and the dispersion tensor in (4.88) which involves velocity
are lagged on the first iteration. Because coefticients depend on the yet
unknown values of p and U at the end of the time step, one or more iterations

may be used to solve this non-linear problem. On the first iteration, and when

only one iteration per time step is used, coefficients are based on a projected

121




- - P T — Oghai

value of p and U as given by (4.61) and (4.62). On subsequent iterations
coefficients are based on the most recent value of p and U. Iterations end
when rthe convergence criteria are satistied.
On the first iteration, and when only one iteration per time step is used,
L n n-1 n-1 e
the velocities are evaluated based on Py Ui and Py - This is because the
. . ) ) no, . @
pressure gradient in the velocity calculation, Vp ', is based on pressures cal-
) o, n-1 . . L i
culared when the fluid density was p . On subsequent iterations velocities o
are caleulated using the pressure solution for the most recent iteration together
with the densities resulting from the previous iteration upon which the most re- E
cent pressure solution was based., No spurious velocities, which arise from mis-

matched p and p, are generated this way. The flux term, Q_ ., arising from the

BC
s , y . ) — . @
specitied pressures is evaluated on the first iteration at the beginning of -
. . .on n ) } L

the time step in ferms of By and Ppe - On subsequent iterations, it is based
. n+l oo
on the most recent pressure solurion and Puc - .
5 .4
The relations (4.8%) mav thus be written in a form which allows for solu- .
. : . n+1 o

tion of concentration or temperature at nodes, hi . at the end of the present
T

time step:

. e

At NN NN S

. N * N + + + ..

‘ T T LR N TUAE P (G'r'.‘ Ly 'rrf.’”)ur,'” ]

\t i . i ij . j 1j i s 1 i -

n+l i=1 i=1 -1

n+ | n+l (n+l)* n+l n+l *n+] (n+1)% n+l N+l n+!l Sy

+ ) . + ) = (] N o ! + -

oot by “pe. “w b Yot Y Bc. v 'sc, * Yiv, *ELY -9

i i i i .,

n+! Al " n — g ‘-:.J

6 IRTT e A— i=1 NN (4.93) S
s At i :

n+! e

®

<Y

The (n+1)% level indicares that velocity and QBV are evaluated on the first

iteration at rhe time step (n) and on subseguent iterations, at the most

t
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Finite-~element mesh in radial coordinates.
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Integrals Rr and RC are exactly analogous if: x#r, y®z, and

B(x,y) = 2nr (5.9)

Thus, bv a simple redefinition of coordinate names, and by setting the mesh

thickness, B, at each node, equal to the circumference of the circle it would

sweep out when rotated about the r=0 axis of the cylinder (By=27r;j), the - :
SUTRA simulation is converted exactly to radial coordinates. Figure 5.1 =.;
shows a mesh and the volume it sweeps out when in radial coordinates. Each - -f‘
element becomes a three-dimensional ring when used in radial coordinates. - jé

5.3 Pinch Nodes

Pinch nodes are employed to ease mesh design when large changes in the

density of elements are desired over relatively short distances. See Figure

5.2, where pinch nodes are indicated by open nodal dots. This would aid in

L
design of a mesh, for example, in which a large model region is required in 4fjl':;
order to properly simulate the ground-water flow system. However, only a small T t;&
portion of this region need be simulated with transport. The fine mesh required _:i _i
in the transport region can be quickly coarsened to the region where only flow o .1
is of interest. : ;f}%

Infortunately, use of pinch nodes tends to increase the band width of the g H
simulation problem although it can significantly decrease the number of nodes f?
in a simulation. Thus with a band-width matrix equation solver, as employed \ii
by SUTRA, the use of pinch nodes in a mesh does not always lead to an advantage .;3
of decreased computational time. The pinch node option is included, however, as __' '1
the solver is modular and may be replaced by non-band-width-dependent methods. .

|

e
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and EL is given by (4.45). The result is:

2

k' = kY cos’e + k" sin’e (5.5a)
XX max min

kL = kL sin29 + kL. cosze (5.5b)
vy max min

L L

k = k = (k -k ) sin® cos#H (5.5c)
XV YX max min

5.2 Radial Coordinates

SUTRA is written in terms of two-dimensional Cartesian coordinates x and
y. In general, the two~dimensional numerical methods are applied to Cartesian
torms of the governing equations; however, because the mesh thickness, By, is
allowed to vary from node to node, radial coordinates (cylindical coordinates),
r and 2z are an exact alternate coordinate set.

A function, f(r,z), of radius r, and vertical coordinate z, is integrated

over a cvlindrical volume as fallows:

R = /‘ /‘ / flr,z) r d6 dr dz (5.6)
z r 6

Assuming symmetrv with respect to angular coordinate 8 (f(r,z) does not depend

on 8), the integral becomes:

Rr = /. j. f(r,z) (2nr) dr dz (5.7)
z T

This integration mav be compared with a general integration of a function

g(x,v) In Cartesian coordinates as it is carried out in SUTRA methodology:

RC = /. /. g(x,v) B(x,v) dx dy (5.8)
v X
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Chapter 5

Other Methods and Algorithms

5.1 Rotation of Permeability Tensor

The aquifer permeability may be anisotropic (as discussed in section 2.2
under the heading "Fluid flow and flow properties,” and may vary in magnitude
and direction from element to element (as shown in (4.45)). The permeability
in each element is completely described by input data values for kygx, kpin
and 08, the principal permeability values and the direction in degrees from the
global +x direction to the maximum direction of permeability. The evaluation
of integrals (4.55) and (4.56) as well as the velocity evaluation (4.97) require
the permeability tensor components in global coordinates as given by (4.45).
Thus a rotation of the tensor is required from principal directions (xp,xm) to
global directions (x,y), as shown in Figure 2.2.

The rotation is given by:

-1
L L (5.1)
= = =‘p=
where
L
EL- kmax OL (5.2)
P lo Kk
min
T cos® ~-3sinb
J = (5.3)
siné cos®
T-l cos9d sin®
d = (5.4)
~8in® cos®
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+ . .
X, P Cr.]l (x, o cPrel, (x, p cPred,
n+l 1701 Il "o i 2 o i Y
CS = oo} 2 + ool 2 (4.112a)
i (1 + X, o Ci ) (1 + X, Py Ci )
. n+l .,
The coefficient, rl , 1s defined as:
i
X p
AR x'l‘” - l_o —— (4.112b)
i i (1 + x c‘i’ 1)
Xy P
s = 1 o, (4.112¢)
ErR)
2"07d
(x 3o (o 8"
Se — (4.1124d)
(l + X,p cP ])
2 i

The first term in (4.112a) is solved for on each iteration and the second term is

! R proj R .
treated as a known. In the above four relations, Ci is based on a projection
tor the first iteration on a time step, and is the most recent value of Ci on

subsequent iterations for the time step.
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Finally, for Langmuir sorption the form used for the temporal evaluation

preserves dependence on a linear relationship to Ci' However, the linear rela-
tionship is appropriate onlv at low solute concentrations. At high concentrations,
the adsorbate concentration approaches (xl/xz). Therefore, two temporal approx-
imations are combined, (one for low C, and one for high C) in a manner depending

on the magnitude ot concentration. When (XZQOC)<<1’ the following temporal

. . . . . o
approximation for low values of C, reterred to as C , is employed:
s )

cproi

) X P
(,(? = (‘100(}n+1) 1 - L O proj
(I + xpoC )

(4.108)

-

When (v,pC)>>1, the following temporal approximation for high C, C: i's emploved:

® Xl 1
C = (——) 1 - o (4.109)
s \2 (1 + X,p cProel )
2%0
Thus (:+] may be defined:
i
T IR AR (4.110)
EI s, Qo 5, ® 35,
i i i i
where the weights W and W _, are:
[6] @
Xo P cPred
ww = = o (4.111a)
(1 + v, P Cp ])
2 7o
W =1 - W (4.111b)

Q w©

Bv substituting (4.1038), (4.109), (4.111a), and (4.111b) into (4.110), the

. . - ntl o, . . . .
tollowing temporal evaluation of C is obtained after algebraic manipulation:
8,
i
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......... TrLTrw - o Ty - ~ MRS el Ml Mall S S A g0
n+l rn+l .
s 1, X1 % (4.106b) O
i i a
8. = X0, (4.106c) ___.*
L
SR 0 (4.1064)

For Fruendlich sorption, the adsorbate concentration is split into a

product of two parts for temporal evaluation. One part is treated as a first

order term as is linear sorption. This part is evaluated strictly at the new

time level and solved for on each iteration or time step. The remaining part

is evaluated as a known quantity, either based on the projected value of C, at

i

the end of the time step on the first iteration, or based on the most recent Ci

solution on any subsequent iteration.

. X
Un+l - ™, [(X 0 ) (CprOJ ) 2 ] Cn+1 (4.107a)
8 8 1 i i
i i
Also:
0y (B e
C:+l - l{rl\-kl . (_l) poxz (CErOJ) Xy (4.107b)
i i X2
() (o (22
- X proj ( ) (4.107¢c)
o o (reo) () S
Sp = 0
where the coefficient, rln+1, is evaluated from the projected or most recent value

i

of Ci' depending on the iteration.
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The terms in parentheses preceeding the terms containing n all have a constant 'j
- g

value for the element, and thus the approximations have consistent spatial

dependences.

4.7 Temporal Evaluation of Adsorbate Mass Balance

The terms in the unified energy and solute mass balance equation which

stem from the adsorbate mass balance require particular temporal evaluation be-

1
4
4
1

k
5
3

cause some are non-linear. The following terms of relation (4.93) are evaluated ?;;ﬂ!q
here: AT:+1, GT?+1, and ET:+1. For solute transport, the coefficient, cs , in ”:"-1
ATri‘+1 (4.86) becomes r?+l, according to (2.52b). The relation which defin:s LY ::tAfl
is given by either (l.3ic), (1.35¢c), or (1.36c) depending on the sorption iso- o,
therm. The variable, U:+1, is expressed in terms of the concentration of adsor- »leii
bate, Cz#l, in a form giien by (4.84). The parameters in (4.84), 8. and s :::;;i
i R

are defined in this section and are based on either (1.34a), (1.35a) and (1.36a)
depending again on the sorption isotherm. The temporal approximations of these
parameters are described below for each isotherm.

For linear sorption, all terms and coefficients related to the adsorbate

mass are linear and are evaluated at the new time level and strictly solved for ﬁ;",fj

at this level: el

S
Ao las

Un+1 - Cn#l - x. p Cn+l (4.106a) R
si si 1 "o 1
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significance should be attached to the absolute values of basis function deriva-

tives, except that these happen to give the desired consistent approximations,

as is shown shortly.

The gravity vector components in local coordinates at a point in the ele-

ment are obtained from the global gravity components as:
|8
) e} - 5]
&0

where [J] is the Jacobian matrix defined by (4.25).

v
P . PR
L - ) e - K N
. R I G e
P . s
ok A db b P RN

(4.101)

i~
oQ
<
S ]

The derivatives of pressure in local coordinates (4.98a) and (4.98b), and

the consistent density-gravity term components in local coordinates, (4.99) and

°
9,

(4.100), are transformed to global coordinates for use in the evaluation of the

RO

integrals they appear in by:

ap 3p " @,
ax at L
. [y
[‘ ] (4.102) f:;
3p 3p -
dy an Y
—_—
. e
(0g) (0g) o
Pg X . 454 £ 1
-~y = [J ] (4.103) ]
(pg) R
oe)y (pg)n =
-9
]

- - %
- where (pg)x and (pg)y are the consistently discretized density-gravity term o
i B
" 1 ]
- components in global coordinates, and |J] is the inverse Jacobian matrix T
® . °,
1 defined by (4.29), :_%
i-‘ The spatial consistency of these approximations may be seen by inspecting ._3
P -
L their expansions in local coordinates. For example, the {-components are: 'A
. 3
$ .
L - .'-'.:i
- 128
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dinates, and then both Vp and pg are transformed to global coordinates
vp £

..a
in the following, a discretization of the pg term is presented which is o
presented which is consistent with the discretization of Vp in local coor- L
- @

while maintaining consistency.

The pressure gradient within an element in local coordinates is defined in ' k

terms of the derivatives with respect to the local coordinates:

4
3p - I} ,
3E (&,m) ‘Z Pi 3¢ (4.98a)
i=]
dp 4 N
= —i 9
n (E,n) i§1 Pi oni (4.98b)

The summations may be expanded and written in detail by reference to relations
(4.9) through (4.12) and (4.1) through (4.4).

A local discretization of pg, with a spatial functionality that is con-

Ry

sistent with the local pressure derivatives, (4.98a) and (4.98b) is:

4

.,
(pg) e (Eim) ='El pi%e  |3gd (4.99)
1= 1
4
(pg) (£,n) =3 p.¢ 'ﬁgfl (4.100)
s j=p 10y lem

where the vertical bars indicate absolute value, 0 is the value of p at node
i in the element based on the value of U at the node through relation (2.3) or
(2.4, v iv the £-component of g at node i, and %0 is the n-component of g at
i i

node i. The eight gravity vector componenets at the nodes in each element need

be caleulated only once for a given mesh and mav be saved. This discretization

,
.
I PP . P SO
LT YRR T
b " i’ " 4 PR

is robust in that it allows both the density and (the direction and) the magni- N
tude of gravity vector components to vary over an element. No particular ‘}fd
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spurious vertical velocities especially in regions of sharp vertical changes in

U. A consistent approximation of velocity is one in which Vp and pg are allowed .y.:
the same spatial variability, and further, are evaluated at the same time level. ::7J

A consistent evaluation of velocity is required by the transport solution
in (4.87) and also required in the evaluation of the dispersion temsor in (4.88),
where velocity is required in each element, in particular, at the Gauss points
for numerical integration. Also a consistent evaluation of the pg term is re-
quired for the fluid mass balance solution in the integral shown in (4.56). The
values are also required at the Gauss points in each element during numerical
evaluation of this integral.

The coefficients for calculation of velocity in (4.97) are discretized as

follows: Permeability, k, is discretized elementwise; porosity, ¢, is discre-
tized nodewise. Unsaturated flow parameters, k,. and S, are given values
depending on the nodewise-discretized pressure according to relations (2.8) and
(2.21). Viscosity is either constant for solute transport or is given values
depending on nodewise-discretized temperature according to (2.5).

To complete the discretization of velocity, values in global coordinates

at the Gauss points are required for the term (Vp - pg). A consistent approxi-

mation is presented in the remainder of this section for this term based on the

- fact that this term will be discretized in a consistent manner in global coor-

dinates in an arbitrarily oriented quadrilateral element whenever it is dis-

]
:fbi cretized consistently in local element coordinates (£,n). Consistent discretiza- o
E.;. tion in local coordinates is obtained when the spatial dependence of %% and pgC EE;
L. is the same, and when %ﬁ'and pgn have the same spatial dependence. Becaus: the iii
1 discretization for p(£,n) has already been chosen to be bi-linear, it is the  .£
A discretization of the pg term, in particular, which must be adjusted. First, L:;
. .




4.6 Consistent Evaluation of Fluid Velocity

Fluid velocity is defined by equation (2.19) as:

k k

= - [([=—X ). -
ce o (E55) - (e - on)

This relation strictly holds true at a point in space. In order for the rela-

tion to hold true when discretized, the terms Vp and pg must be given the same
spatial variability. This avoids generation of spurious velocities which would
be caused by local mismatching of the discretized pressure gradient term and
density-gravity term. For example, in a hydrostatic system where densities vary
spatially, Vp = pg, to yleld a zero vertical velocity. However, if Vp and pg do
not locally cancel because of the discretization chosen, then erroneous vertical
velocities would be generated.

Such an error would occur over an element where Vp is allowed only a

single constant value in a vertical section of the element, but where p is allowed
to vary linearly in the vertical direction. This would be the case in a standard
finite-element approximation wherein both p and U vary linearly in the vertical
direction across an element. Linear change in p implies a constant value Vp,
while linear change in U implies a linear change in the value of p according to

(2.3) or (2.4). Thus a standard finite~element approximation over a bi-linear

T

element results in inconsistent approximations in the vertical direction for Vp

and pg: constant Vp and linearly varying p. This inconsistency generates

IMORALS R |
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. 4
jﬂ“e where the carat refers to the entire term in braces. For solute transport, this
: term may represent molecular diffusion and dispersion of solute mass across a
m boundary. For energy transport, this term represents heat conduction and thermal “’.
; dispersion across a boundary. This heat or solute flux is a user-specified value 15 
&~ which may change each time step. If the term is set to zero, it implies no dif- i!ﬁ
tusion and no dispersion across a boundary for solute transport, or for energy ’f‘
transport it implies perfect thermal insulation and no dispersion across a boundary.
For an open boundary across which fluid flows, this term is not automatically
evaluated by SUTRA. If no user-specified value exists at an open boundary, then L
this term is set to zero. This implicitly assumes that the largest part of sol-
ute or energy flux across an open boundary is advectively transported rather
than diffusively or dispersively transported. 1In cases where this assumption :w!
is inappropriacte, the code may be modified to evaluate this term at the new
time level depending on the value of UNtl, o
The form of the discretized unified energy and solute mass balance equation ?*;
which is implemented in SUTRA is as follows:
+ . o
N; ,‘(AT: 1—i-l) »oor{MPDE, gt lcr'.‘”+ ¢ L™ (Qr.’+1+ Q" )c ] 6, Ly °!
j=1 ' Atn+l ij ij i s 1 i BCi w 1j’ i -
. (Qn+l U(n+l)‘v‘~‘+ Qn Un+l) . vn+l+ ETn+l+ G TRn+1 + (AT¥+1) " ;f;
w\ "1 i BCi BCi INi i s i At i _
n+l o
—_— (4.96)
i=] NN
» wherein éij is the Kronecker delta. ¢f
2 e
X
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recent level. Other coefficients are evaluated at the (n+l) time level by pro-
jection on the first iteration, and then at the most recent level on subsequent

iterations.

Boundary conditions, energy or solute mass sources and sinks

Specified temperatures or concentrations at nodes are obtained numerically

at the node k by replacing the kth equation in (4.93) by: O

[- .
n+l n+1
4 = (4.94
, 'k 'BC )
) k
+ .
{ where U;C is the user-specified value of U that node k i1s to have during time o
b lk
: step (n+l). The specified value may change with each time step.
N Source boundary conditions for U arise whenever a fluid source Qi is spec- s
3 ‘
i ified. These may be either point sources of fluid or fluid flows across the bound-
aries. These fluid inflows must be assigned concentration or temperature values,
Fn+l . . ,
h Ui , which may change with each time step. Note that these sources are evalu-
ared in SUTRA subroutine NODALB. Outflows of fluid result in the disappearance -
*n+1 n+l ,
of the source term from the transport equation because (Ui = Ui ) the sink

and aquifer have the same U-value.

Source boundary conditions for U may arise at points of specified pressure

when an inflow QBC occurs at such a point. A value of U must be specified for

n+l

such fluid inflows as UBCi'

These values may change with each time step. This :t_u:
source term for U disappears for outflow at a point of specified pressure. Note

that specified pressure sources are evaluated in SUTRA subroutine BCB.

ML S e o g o e - e

A source or sink at a boundary due to diffusion or dispersion appears

in (4.75):

Pl 4

N\

ylo / ’ocW[rs (n I+ D) + (l-¢) @ 1]'VU(n+1-n o, dr (4.95)
' CTwW\ W = s =] — ‘ - i
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A pinch node is defined as a node in an element which is located at the
mid-point of an element side, as shown in Figure 5.3. Each element has ouly
four real nodes (at the corners) and four basis fuctions associated with these
nodes. The pinch node has no basis function assigned to it in the element in
which it appears on an element side. Values of variables and coefficients at
the pinch node are determined as the average of the values of the real nodes at
the end of the element side upon which the pinch node resides. Thus, no sources,
sinks, or boundary conditions may be specified at a pinch node. The numerical
solution at a pinch node depends entirely on the two nodes at the ends of its
side.

Pinch nodes are handled by SUTRA as follows: All elementwise calculations
are carried out as though a pinch node were a real node. In fact, each pinch
node appears as a corner node in one or more elements. No special treatment is
given pinch nodes through the entire matrix assembly process, and they enter the
matrix through usual elementwise and nodewise calculations.

Just before solution of the matrix equation, pinch-node conditions are
imposed on the matrix equation. For the pinch node, k, the right hand side of
the equation for node k is set to zero. The row of the final coefficient matrix
for node k is changed to all zeroes, except for two coefficients. These are in
the two matrix columns related to the nodes at the ends of the element side upon
which pinch node k resides. They are set to a value, 0.50, and the coefficent
on the matrix diagonal (with subscript, kk) is set to a value, -1.0. This sets

an equation for pinch node k as follows:

n+l 1 n+l n+l

Py =3 (pr + P, ) (5.10a)

UL A AT TLAL (5.10b)
2 r s
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q

ELEMENT 1
ELEMENT 3

we-

Figure 5.3
Detail of mesh with a pinch node.
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where subscripts r and s refer to the nodes at the ends of the pinch node
element side.

Pinch nodes are specified in the data set containing the nodal incidence
list for elements and the order of specification is related to the local element
node numbering scheme as defined by Figure 5.4.

5.4 Solution Sequencing

On anvy given time step, the matrix equations are created and solved in the
following order: (1) the matrix equation for the fluid mass balance is set up,
(2) the transport balance matrix eguation is set up, (3) pressure is solved for,

«
and (4) concentration or temperature are solved for. Both balances are set up
on each pass such that the elementwise calculations onlv need be done once per
pass. However, SUTRA allows the p or U equation to be set up and solved only
every few time steps in a cyclic manner based on parameters NPCYC and NUCYC.

These values represent the solution cvele in time steps. For example, setting

up and solving for both p and U each time step (NPCYC=NUCYC=]):

’ - -

time step: | 2 34 5 n 7

N TR U
solve {or:'
et v

or solving for p every third time step and tor V' each t 'me step (NPCCYC=3 and

NTOY =]
time step: 12 3 4 5 w7 o8 4 0 11 12 13 e
‘ ‘) & P ‘)
sulve tovs
| I i | I l | [RE t l t i
However, either of poor 1" mast be solved tor on each time step and therefore
140
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NODE 4 | PINCH NO1[)1E 3
(-1,1) (0,1) | NODE 3 (1,1)

T 7

(1,0
————— o —————
PINCH

NODE 2 3 ij

(0,-1 (1,-1)
NODE 2

Figure 5.4 . &
Finite element in local coordinates (£,n) with
pinch nodes.
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either NPCYC or NUCYC must be set to one.

For a simulation with steadv stute flow, the sequencing is:

time step: O 1 2 3 45

solve tor:

For steadv flow and transport:

time step: O |

solve for: ‘ b
T

fhe only exception to the cveling is that tor non-steadv cases, both unknowns

are solved for on the first time step, as shown in the case tor NPCYC=3, NUCYC=],

above.

It 1is computationallv advantageous to allow a matrix eyuatrion solution

for U by back-substitution onlv, saving both equation construction and matrix

This is bevun on the second time step solving for U only

decomposition steps.
attoer the step on which both p and U are solved for. In order to do this the
matiiy coefticients including the time step must remain constant. Thus, non-
linear variables and fluid velocity are held constant with values used on the
first For example, when NPCYC=1],

time step for U atter the step for p and V.

NECY =6

time step:

‘p . P . . p
salve ('«)r:'
I L { l | 1 I 1§ 8 l K l
Jeonstant valuens| I constant values |
I hack | | back (
| substitute] | subst itute |
142
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A pressure-only solution may be obtained with NPCYC=1, and NUCYC=(number
larger than the number of time steps). Note that p and U solutions must be
set to occur on time steps when relevant boundary conditions, sources or sinks

are set to change in value.
5.5 Velocity Calculation for Output

The velocities employed in the numerical solution of fluid mass, and solute
mass or energy balances are those calculated at the Gauss points in each element
{as described in section 4.6 "Consistent Evaluation of Fluid Velocity.") For pur-
poses of output, however, only one velocity value per element is made available.
This is the velocity at the element centroid as shown in Figure 5.5. Thé centroid
is defined as the point in the element where the lines connecting the mid-point of
opposite sides intersect.

The velocity at the centroid of an element is calculated by taking the
average of the four global x-components of velocity at the Gauss points, as
well as the average of the four global y-components of velocity at the Gauss
points, and by constructing a velocity vector from these averaged components.

This process gives the "true" velocity at the centroid that would be calculated
employing the consistent velocity approximation evaluated at this point in the

element. This may be seen by setting £=n=0 in (4.104) and (4.105).

5.6 Budget Calculations

A fluid mass and solute mass or energy budget provides information on the

quantities of fluid mass and either solute mass or energy entering or exiting
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the simulated region. It is not intended as a check on numerical accuracy, but
rather as an aid in interpreting simulation results.
The fluid budget is calculated based on the terms of the integrated-

discretized fluid mass balance, (4.52), as approximated in time according to

(4.65). After the solution to a time step makes available pz*l and U:+1, the
dp du
time derivatives of these, i and <=1, are calculated according to (4.57) and

dt dt
(4.91).

The total rate of change in stored fluid mass in the region due to
pressure changes over the recent time step is:

NN

dp
n+l i
E AF1 at (M/s] (5.11)
i=]

where AFi is defined in (4.53), and the total rate of change in stored fluid due

to changes in concentration or temperature is:

ENN: n+l dUi
CFi 5;— [(M/s] (5.12)
i=]

where CFi as defined in (4.54).
The sum of (5.11) and (5.12) gives the total rate of change of fluid mass in

the entire region.

Fluid sources, Q:*l, may vary with time and those that do vary are reported

n+l
P

NN
Z Q';” {M/s] (5.13)
i=l

gives the total rate of fluid mass change due to all sources and sinks of

by the budget at each source node. The sum of Q

fluid mass, as well as to specified fluxes across boundaries. Fluid sources

due to specified pressure conditions, Qg;l, usually vary with time and are
i
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also reported by the budget at each node. This source is calculated at each

node from (4.64). The sum of ngl: ﬂ.;_e
i ]
1
i ‘.1
NN
Q! (M/s] (5.14)
BC1 1
i=] : 4
i gives the total rate of fluid mass change in the entire region due to inflows ~<e|”
and outflows at all specified pressure nodes. - 1
The sum of (5.13) and (5.14) should be close to the value given by the sum ]
of (5.11) and (5.12). These may be expected to match better when iterations "?

have been used and convergence achieved, as the budget is calculated for a time

step with only one iteration with the (n+l) time level values of non-linear ,ITJ
J coefficients, and the solution was obtained with coefficients based on projected ——~!!$

values of p and U.

The solute mass or energy budget is calculated based on the terms of the
integrated-discretized balance, (4.85), as approximated in the time according ——
to (4.93). The total rate of change in stored solute mass or energy in the

region over the recently computed time step is:

n+l dUi
E ATi I [MS/s or E/s]} (5.15)
iw]
] where AT;‘+l is calculated from (4.86) using U:+1 in all coefficients requiring
a U value (including adsorption isotherms for c.* rl). In reporting this portion

of the budget, a separate value is given for the sum of the portion stemming

| from (cSwpcw) and for (l4e)pscs. The former sum relates to rate of solute mass
or energy change in the fluid, and the latter relates to change in the solid-

immobile portion.
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The total rate of first~order solute mass production in the fluid is cal- '}}t

S

culated as: Tfi
.14

NN - ®,

+ + .

ot gt (M/s] (5.16a) =

! i L

i=} - :

and at the rate of first-order adsorbate production is calculated as: ;f_;_i
@

NN -]

+ -

o L™ ™4 ¢ ™! (M/s) (5.16b) 1

s i 1 s i :

i=1 e

v

. ) . .
“¢!LL"“'

where GTi and GSTL and GSTRiare defined by 4.89a, 4.89b and 4.89c and all iso-

i
+

therms are based on U: l. Fluid and adsorbate rates are reported separately by

the budget. These terms have no analogy for energy transport. The terms of zero-

order production of solute and adsorbate mass or energy production in the fluid o

and solid matrix are: » ]

E ET?+1 [M_/s of E/s] (5.17) -

where ETi is defined by (4.90) and the fluid and immobile phase production rates -

A
z

—do

[]

.

"
L
LI .

)
T

.
v
.
Vol
(AR
RV

.- :‘
ST
are reported separately by the budget. f525gd
. @
Solute mass and energy sources and sinks due to inflowing or outflowing 'f
fluid mass mav varv with time and are reported bv the budget at each fluid }
source node and at each specitied pressure node. These are separatelv summed 1
@
tor the entire region: ;
NN - T
+ *n+ L
E Q"o T (M /s or F/s) (5.18) -
i w 1 s S
i=] ®
- T
NN ) ?
n+! n+l R
E Qpe “w Upe [Ms/S or E/s] (5.19) L
& i 1 X
i=} ]
L
SERERE
o
1 l07 M _:‘i
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*n+l n+l s Ly s
Where Ui and UBC take on the user-specified values of U for fluid inflows,
i

and the U value of the ambient system fluid for outflows.
These sums give the total rate of change of solute mass or energy in the
entire system due to these fluid sources and sinks.

Finally the diffusive~dispersive sources of solute mass or energy are
summed for the entire system and are also reported by node as they mav vary

with time:

Z A (M /s or E/s] (5.20)
INi s

i=}

The sum of (5.16a), (5.16b), (5.17), (5.18), (5.19) and (5.20) should be
close to the value given by (5.15). These values may be expected to match
best when iterations have been used and convergence achieved, as the budget

is calculated for a time step with only one iteration with all information at

the (n+l) time level, and the solution was obtained using non-linear coefficients

based on projections of p and U.

5.7 Program Structure and Subroutine Descriptions

SUTRA is structured in a modular, top-down programming style that allows
for code readabilitv, ease in tracing logic, and hopefully, ease in eventual
modifications. FEach subroutine carries out a primary function that is clearly
distinguished from all other program functions. User-required program changes

are limited to: 1) dimensioning three storage arrays in the main routine, and
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2) coding portions of a subroutine which is used to control time-dependent
sources and boundary conditions (when they are used) and a subroutine which sets
the unsaturated flow functions when unsaturated flow is simulated. The code
consists of approximately 3000 statements and includes one main program and 24
subroutines. The program is commented to aid in tracing logic.

SUTRA 1is written in FORTRAN-~77; however, few structures are used which are
not compatible with FORTRAN-66. Modifications of the code required to compile
in FORTRAN-66 would not be major.

The code runs accurately when it employs "double-precision" real variables
(64 bit words with 47 bit mantissa) with a precision of about 15 significant
figures, and 32 bit word integer variables. Should the code require modification
to run on machines with other word lengths or other bit to byte ratios, the number
of significant figures in a real variable should be preserved, if not increased.

Input and output 1is also somewhat modularized. Input is through Fortran
unit numbers 5 and 55. Unit-55 contains only data on initial conditions for a
simulation at the nodes for p and U. Unit-5 contains all other data required for
a simulation. Output is to Fortran unit numbers 6 and 66. Unit-66 receives the
result of the final time step in a format equivalent to that of Unit-55, for later
use as the intial conditions file if the simulation is to be restarted. Unit-6
receives all other simulation output usually to be printed on a line printer (as
shown in Figure 5.6).

The main logic flow of the program is straightforward. A schematic diagramn
of the code is shown in Figure 5.7. The main routine sets up dimensions and
calls the main control routine, SUTRA, which cycles the program tasks by calling
most of the remaining subroutines in sequence. Subroutines are named to describe
their main function. A description of each subroutine is given in the following

sections.
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SUTRA Headers j
A

Unit 5 Input Data, ol

Data Checks, and

Mesh Plot

Initial Conditions

for Pressure and

Concentration or Temperature }
e

Steady-State Results, or ]
Results for Time Step 1 -_-_'f;l
. ]

(Pressure, Concentration or -

Temperature, Velocities,
Saturation, Plots, Budget)

)
Results for Each NPRINT i:f"‘?
Time Steps | }

Results for Last Time Step

Lo e

Observation Results

4

Figure 5.6
Schematic of SUTRA output.
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-Description:

PRISOL is the main SUTRA output routine and is used for printing

solutions.

Subroutine ZERO

-Purpose:

To fill a real array with a constant value.

Various routines

-Description:

ZERO fills an entire array with a specified value. This routine may be

-

replaced with a machine-dependent assembly language routine in order to maxi-
L
mize efficiency. s
-
"
Subroutine BCTIME ..'0}
-Purpose: ?
A user-programmed routine in which time-dependent sources and boundary _!%

conditions are specified.

~Called by: @
]

SUTRA T
3

]

®)

B

-

)

. .‘1
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~Calls to:

UNSAT

-Description:

INDAT2 is the second major input data routine. It reads the data file,
Imit-55, which contains initial conditions for p and U. The warm-start
section reads initial conditions and parameter values of a previous time step,
all ot which must have been stored by subroutine STORE on a previous simulation.
For a cold-start, INDAT2 reads only initial p and initial U. 1INDATZ calls

UNSAT tor calculation of initial saturation values, on a cold start.

Subroutine PRISOL

-Purpose:
To output the following to Unit-6:
Initial conditions
Pressure solutions
Saturation values
Concentration and temperature solutions
Steadv-state pressure solution

Fluid velocities (magnitude and direction)

-Catled by:

SUTRA
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actual bandwidth, NBL, which i3 compared with the user-specified, NBI. IF NBL>NBI

the values are printed and the simulation is halted for corrections.

Subroutine NCHECK

-Purpose:
To check that pinch nodes are neither assigned sources, nor have specified

p or U.

-Called by:

SUTRA

~Description:
NCHECK compares the list of pinch node numbers with the list of source
nodes, specified pressure nodes and specified U nodes. Any matches result in

a printed report and the simulation halts.

Subroutine INDAT2

-Purpose:

1) To read initial conditions from Unit-55.

2) To initialize some arrays.

~Called by:

SUTRA

?

w—y
-




ey

CONNEC reads the nodal incidence list which describes how nodes are
connected. The data is organized as array, IN, which contains the counter-
clockwise~ordered set of four node numbers in each element in order of element
number. Thus the ninth through twelfth values in IN are the four nodes in
element number three.

For an element with one or more pinch nodes, the pinch node numbers are
entered in the first column of array IPINCH, and the node numbers at the ends
of the side on which the pinch node resides are entered in columns two and
three of IPINCH.

IPINCH i3 used in subroutine PINCH, and NCHECK. 1IN 1is used in BANWID,

ELEMEN, and GLOBAN.

Subroutine BANWID

-Purpose:

To calculate the band width of the mesh and check the value specified by

the user.

~Called by:

SUTRA

BANWID checks the array, IN, in all elements for the maximum difference in

node numbers contained in an element. This value, NDIFF, is used to calculate
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Subroutine OBSERV

-Purpose:
1) To save p and U values at chosen observation nodes as a function of

the time.

2) To report the observations after the simulation has been completed.

-Called by:

SUTRA

-Description:

On an initialization call from SUTRA, OBSERV reads observation node numbers

and observation cycle, NOBCYC, in time steps from Unit-5 and outputs these values.

Every NOBCYC time steps, when SUTRA calls OBSERV after a solution, OBSERV saves
the current elapsed time, and p and U values at all ocbservation nodes. When the
simulation is completed, OBSERV is called to output the stored lists of: time

step, elapsed time, p, and U.

Subroutine CONNEC

~Purpose:
1} To read, output, and organize node incidence data.

2) To read, output, and organize pinch-node incidence data.

-Called by:

SUTRA

160

t

o0
. ]
. .
JU R A R G S S

!
LS "LQ.

ol
1

c‘-'.
vy '
ARG |




.- v . - e 2 - 3 ™ 4 L e TR T wTwe Ly ey vwe e gy Pl b iadt din Sadu el Jikuw Bt A et dan dhekh dade dint B et et e e e d

T e T LT T T . b Bl

-Description:

BOUND reads and organizes, checks and prints information on specified p
nodes and for specified U nodes. Pressure information read is node number,
pressure value and U value of any inflow at this node. If there are NPBC
specified pressure nodes, the above information becomes the first NPBC values
in vectors IPBC, PBC and UBC. Specified U information read is node number and
U value. If there are NUBC specified concentration nodes, the above information
begins in the (NPBC+l) position of IUBC and UBC, and ends in the (NUPBC+NUBC)

position of UBC and IUBC. This is shown below:

1234567891011

I1PBC ( )
X X X X X X
123456

e )
X X X X X X
XXX XXXYYyVyy

UBC ( )
123456789101!

y
TUBC ( )

1234567891011

where x refers to specified p information, and y refers to specified U infor-

mation.
Counts are made of each type of specification and are checked against
NPBC and NUBC for correctness. A blank (zero) node number ends the data set

for p and then for U. One blank element is left at the end of each of these

arrays in case there are no specified p or U nodes. The first NPBC elements
of IUBC and UBC are blank. These arrays are used primarily by subroutines BCB LY

and BUDGET.
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tluid at this node. [f there are N5SOP tluid source nodes. the node numbers
hecome the first NSOP values in vector IQSOP. The rates are entered in the el-
ement corresponding to the nodes at which they are defined in vectors QIN and
{IN which are NN long. The source information for ii read is node number and
solute mass or energy source rate. If there are NSGU source neodes for U, the
node numbers become the first NSOU values in IQSOU. Vector QUIN is NN long and
contains the source rates in numerical order by node. Counts are made of each
tvps of source and are checked against NSOP and NSOU for correctness. A blank
{zoro) node number ends the data set for QIN and then for QUIN. One blank el-

ement iv left at the end of IOSOP and IQSOU so that a dimension of one is obtained

=

sven when nn source nodes exist. hese arrays are used primarilv in NODALB and

BIThHGET.

subroutine BOUND

-Purpose:
i’ To read specified pressure nede numbers and pressure values, check
the data., and print information.

2) To read speciftied concentration or temperature node numbers and the

values, to check the data, and print information.
33 To set up pointer arrays which track the specitfied p and U nodes for

the simulation.

-Cailed by:

SPIRA

—
un
[
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range surrounds the plotted region. Three figures of the solution value are
plotted at each nodal location.

PLOT begins by ordering the nodes by plot line and saves the ordered
results in XX, YY, and INDEX during the initialization call. Certain nodes
fall in each line of the plot. During actual plotting, PLOT starts with nodes
in the top plot line and places the values to be plotted in the proper

position in the line. The line is then printed. This is repeated for each

line of the plot.

Subroutine SOURCE

~Purpose:

1) To read source node numbers and source values for fluid mass sources

and boundary fluxes and for diffusive and productive U sources, as

well as fluxes of U at boundaries; to check the data, and to print ff!!*
information. ;ﬁﬁ
2) To set up pointer arrays which track the source nodes for the simula- :"?ff
tion. | L)

-Called by:

SUTRA .

-Description:

.
%

. Lt
Aa a e g 4 o g

1
v

SOURCE reads and organizes, checks and prints information on source nodes

v
1
vy

for fluid mass, and for sources of solute mass or energy. Fluid mass source

information read is node number, mass source rate, and U value of any inflowing
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. ‘ . P T TN

Tt . o e Y e s
Mas 2 g4 2 2l g P




s -Description:

h INDAT] reads a portion of the Unit-5 input data file, ending with the
elementwise data set. Most information is printed on the Unit-6 data file
after reading, the amount of output depends on the user choice of long or

short output format. Scale factors are multiplied with appropriate input

data. Calculations are carried out for a thermal conductivity adjustment

and for determination of k matrix components of 5 in each element from kpgy., ‘iiﬁ

Kmins and 8. Lufw

Subroutine PLOT

-Purpose: .%
To provide maps on printer output paper of the finite-element mesh, IS

pressure values at nodes, and U values at nodes.

~Called by:
SUTRA -

.

-Description: o
PLOT is called once for initialization to read plot set-up data from Unit-5, ili

and to set up a plot of the mesh. PLOT is then called to plot the mesh. PLOT is ;iﬁ

called on each time step in which output is produced, once each for p for U, if

these plots have been requested.

. e
[ U e

The printer plot either fits the longer plot direction across the output

1
MY

page, or along the output page, depending on the user choice. The plot is

self-scaled to page size, and different scales may be chosen by the routine

along and across the page. A blank border one tenth of the maximum x and y . @
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by element calculations required to construct the matrix equations are carried
out by a call to ELEMEN. NODALB 1is called to carry out nodewise and cellwise
calculations for the global matrices. BCB is called to modify the matrix
equations for boundary conditions, and PINCHB is called to implement any pinch
nodes in the matrices.

SOLVEB is called for p and or U solution (depending on the value of ML),
and if iterations are underway, convergence is checked. If iterations are con-
tinued, control switches back to the step which shifts new to old vectors, and

the sequence of calla is repeated. If no more iterations are required, SUTRA

may call PRISOL and PLOT to print and plot results if these are requested on the
present time step. OBSERV is called to remember values at observation nodes if
any exist. BUDGET is called if requested output should occur this timé step. !?

If more time steps are to be undertaken, control switches back to the step ;'{{ﬁ

which initializes arrays, and continues down from that point. If the simulation

is complete, STORE is called 1f the store option has been selected to set up a .<
restart file in Unit-66. OBSERV is called to print any observations that were :1;:
taken. At this point, control returns to the main routine. :;i}ﬁ
.- »-,'d

e

RO

Subroutine INDATI

~Purpose: T %’
1) To read simulation and mesh data from the Unit-5 data file, and print f:i:}

out this information.

2} To initialize some variables and carry out minor calculations.

-Called by:

SUTRA
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dummy dimensioned to actual sizes required for the simulation. Subroutine
SUTRA initializes some constants and directs the reading of Unit-5 input data

by calls to INDAT!, PLOT, SOURCE, BOUND, OBSERV, and CONNEC. It calls for

band-width calculation (BANWID) and mesh data checks (NCHECK). The call to
PLOT (after INDAT1) also plots the mesh. Then subroutine SUTRA directs a call 1
to INDAT2 to read initial conditions from Unit-55, and calls PRISOL to print ;;!?
the initial conditions. 1Ei
The subroutine decides on cycling parameters if steady state pressures will -
be calculated, and calls ZERO to initialize arrays. For transient pressure ~!§
solution steps, time-step cycling parameters are set and a decision is made as

to which (or both) of p and U will be solved for on this time step. The decision

depends on NPCYC and NUCYC, and subroutine SUTRA sets the switch, ML, as follows: ;!?
0 solve for both p and U

ML = 1 solve for p only )
2 solve for U only -
.9
The switch for steady state flow is ISSFLO, which is set as follows: -
[7 .
= 0 steady flow not assumed :;
ISSFLO = 1 steady flow assumed, before pressure time step 7

2 steady flow assumed, after beginning of pres-

sure time step
Note that time step number, IT, is set to zero for the steady p solution, and
ﬁ' increments to one for the first transport time step.

.'f» Subroutine SUTRA 1increments the simulation clock, TSEC, to the time at the

end of the new time step, and shifts new vectors to previous level vectors which

.. begins the time step. BCTIME is called to set time-dependent sources and boundary _!1
¢ RN
L conditions if such exist. ADSORB is called if sorption is required. The element x}j
_®
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the bottom of the appropriate pointer lists in the call statement and in the pointer
calculations. The values of NNV or NEV may need to be increased, and the commented
record of calculation of dimensions of storage arrays at the top of the routine

should be increased accordingly.

Subroutine SUTRA

~Purpose:
1) To act as primary control on SUTRA simulation, cycling both
iterations and time steps.
2) To sequence program operations by calling subroutines for input,
output and most program calculations.

3) To carry out minor calculations.

~Called_by:

Main routine

-Calls to:
INDAT1, PLOT, SOURCE, BOUND, OBSERV, CONNEC, BANWID, NCHECK, INDAT2,
PRISOL, ZFRO, BCTIME, ADSORB, ELEMEN, NODALB, BCB, PINCHB, SOLVEB,

BUDGET, STORE.

-Description:

Subroutine SUTRA receives pointers for all actual arrays and vectors

which are dynamically allocated space by the main routine. These arrays are

S
o LT e Y. . . .
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Main Program

[ g | ~Purpose: N
- 1) To dimension and allocate space for the main storage arrays. .

2) To divide the storage arrays into their component arrays. ({(Set up
pointers.) )

3) To start and stop the simulation.

-Calls to:

SUTRA

-Description:
The main routine has three arrays that must be user-dimensioned: RM, RV

and IMV. These are used for dynamic storage allocation and they contain

almost all of the values required for SUTRA simulation. RM contains real
matrices, RV contains real vectors, and IMV contains integer matrices
and vectors. The dimensions required for RM, RV and IMV are RMDIM, RVDIM

and IMVDIM, where the actual values are given in section 7.3, "Program

Dimensions.”

After reading the actual Unit-5 input data for the variables listed above,
{, the main routine sets up pointers which allocate the correct amount of space for
r each of the component arrays contained in the storage arrays. The pointers point
to the position in the storage array of the starting element of each component
array. The starting elements are passed to subroutine SUTRA as calling arguments.

Additional arrays which may be required bv any modifications to SUTRA are added at
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Time Loop

>

lteration Loop

Initialize

Initialize
[ CONNEC |
[ BANWID
[ NCHECK |

INDAT 2

[_PRISOL ]

BCTIME

-

l GLOBAN l

ADSORB
ELEMEN | &
~——a{ BASIS 2 ]
[ UNSAT ] 1 Element

l NODALB H UNSAT |

[_8CB ]
[ PINCHB ]
[SOLVE B ]
[_PRISOL ]

| ADSORB |

OBSERV

A e oA om

Figure 5.7
SUTRA logic flow.
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-Descriptien:

BCTIME is called on each time step when a time-dependent source or
bounddarv condition is specified by the user. 1t allows the value of a source
or boundarv condition to be changed on anv or all time steps.

BCTIME is divided into four sections. The tirst section allows the user

to specify either time-dependent pressure and concentration or temperature of
f an inflow, or both, at specified pressure nodes (PBC or UBC). The second sec-
tion allows user specification of time-dependent U at specified concentration/
E temperature nodes. The third section allows user specification of time~dependent i
fluid source or source concentration/temperature. The fourth section allows user-
3 specificaction of time-dependent solute mass or energy source.

The current time step number, IT, and current time (at the end of the

: present time step) in various units are available for use in the user-supplied
programming. The user may program in any convenient wayv through data statements,
n calls to other programs, logical structures, 'read' or 'write' statements, or
other preferred methods of specifying tho time variability of sources or speci-
fied p and U conditions. More information may be found in section 7.5, "User-

Supplied Programming.'

.

1‘[ 7

Subroutine ADSORB

-Purpose:

TR Ty LT, T

Te calculate and supply values from adsorption isotherms to the

simuiaition.

v
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-Called by:

SUTRA

-Description:

ADSORB calculates the sorption coefficient, r?+l. (called CS1), and also

s1, (called SI) and sp (called SR) and SR which are aspd in calculating) ad-
sorbate concentrations, Ug, depending on the particular isotherm chosen: linear,
Freundlich or Langmuir. The calculations are based on the description given in
section 4.7, "Temporal Evaluation of Adsorbate Mass Balance." ADSORB is called

once per time step for U, when sorption is employed in the simulation.

Subroutine FELEMEN

-Purpose:
1Y To carry out all elementwise calculations required in the matrix
equations.

2) To calrulate element centroid velocities for output.

-Called by:

SUTRA

-Calls to:

BASTS2, GLUBAN

-Description:

FELFEMEN undertakes a loop through all the elements in a mesh. For each

element, subroutine BASIS? is called tour times, once for each Gauss point.
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BASIS2 provides basis function information, and values of coefficients and
velocities at each Gauss point, all of which is saved by ELEMEN for use in
calculations for the present element.

Gaussian integration (two by two points) as described in section 4.3, is
carried out for each integral in the fluid mass balance ((4.55) and (4.56)),

and for each integral in the unified energy and solute mass halance ((4.87) and

;A (4.88)). The portion of cell volume within the present element for node I,

VOLE(T), 1s calculated with the fluid balance integrals. The values of the i
{‘ integrals are saved either as four-element vectors or as four-by-four arrays.

Separate (nearly duplicate) sections of the integration code employ either basis

functions for weighting or asymmetric weighting functions.

[‘ The vectors and arrays containing the values of integrals over the present -

element are passed to subroutine GLOBAN in order to add them to the global matrix

equation (assembly process).
Subroutine BASIS2
-Purpose:

To calculate values of basis functions, weighting functions, their derivatives,

P Jacobians, and coefficients at a point in a quadrilateral element.

L -Called by:

{ ELEMEN .
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-Calls_to:

UNSAT

~Description:

BASIS2 receives the coordinates of a point in an element in local coordi-

nates (£,n), denoted (XLOC,YLOC) in the routine. At this point, BASIS2 determines ;Jq
the following: values of the four basis functions and their derivatives in each {G
local coordinate direction, elements of the Jacobian matrix, the determinant of :i
the Jacobian matrix, elements of the inverse Jacobian matrix, and if required, —ji
four values of the asymmetric weighting function (one for each node) and their
derivatives. Also, the derivatives are transformed to global coordinates and
passed out to ELEMEN. Values of nodewise-discretized parameters are formed at :ji
this location in the element, as are values of local and global velocity. Values
of parameters dependent on p or U are calculated at this location. Unsaturated
parameters are obtained by a call to UNSAT. The calculations are based on sections, i [
4.1 "Basis and Weighting Functions", 4.2 "Coordinate Transformations," and 4.6 Aff
"Consistent Evaluation of Fluid Velocity." ;:;
e
Subroutine UNSAT g
~Purpose: ~g
A user-programmed routine in which unsaturated flow functions are specified. lji
-Called by: .
INDAT2, BASIS2, NODALB, BUDGET 'g
~Description: e
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UNSAT is called by INDAT2 to calculate initial saturations at nodes, by

BASIS?2 ar each Gauss point in each element during numerical integration, by NODALB
for each cell, and by BUDGET tor each cell. [t allows the user to specify the
functional dependence of relative permeability on saturation or pressure, and

the dependence of saturation on pressure. UNSAT is divided into three sections.
The ftirst section requires the user to specify the saturation-pressure (or
capillaryv pressure) function. The second section requires the user to specify

the derivative of saturation with respect to pressure. The third section requires
the user to specify the relative permeability dependence on saturation or capillary
pressure. INDAT2 requires only values of saturation, BASIS2 requires only values
ot saturation and relative permeability, NODALB and BUDGET require values of sa’ -
uration and its pressure derivative. These calculations are controlled in UNSAT
by the parameter IUNSAT which INDAT2 sets to a value of three, which BASIS2 sets
to a value of two, and NODALB and BUDGET set to one. For simulation of purely
saturated flow, IUNSAT is set to zero bv INDATLl. and UNSAT is never called. The
user mav program these functions in any convenient way. for example, through data
statements, calls to other programs., logical structures, 'read' or 'write' state-
ments, or other preferred methods. More information mavy be found in section 7.5,

"User~Supplied Programming."

Subroutine GLOBAN

-Purpose:

To assemble elementwise integrations into global matrix form.

-Called by:

ELEMEN
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~Description:
GLOBAN carries out the sum over elements of integrals evaluated over each oy
element by ELEMEN as suggested by relation (3.23). Both the matrix and right

side vector terms involving integrals in the solution equations (4.65b) and

(4.96b) are constructed.

Subroutine NODALB

~Purpose:
To calculate and assemble all nodewise and cellwise terms in the matrix

equation.

-Called by:

SUTRA ':;

-Calls to:

UNSAT -

~Description:

L

. L

NN

NODALB undertakes a loop through all nodes in the mesh and calculates val- o

S

ues of all cellwise terms. For each node, time derivatives and a fluid source ‘..1

are added to the fluid mass balance matrix equation. The time derivative as

well as terms due to fluid sources production aiud boundary fluxes of U are pre-

pared and added to the solute mass/energy balance matrix equation. Subroutine
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UNSAT is called for unsaturated flow parameters. The terms added by NODALB may

be described as the non-integral terms of (4.52) and (4.85) (except for the spec-

ified pressure terms.)

-Purpose: .j,}Q?
| - 1) To implement specitied pressure node conditions in the matrix ‘:iif
2 el

equations. ol
3 2) To implement specified temperature or concentration node conditions

in the matrix equations.

LI

-Catled by:

SUTRA P

-Description:

The source terms involving v{ in (4.52) are added to tluid balance matrix
equation in order to obtain specified p nodes. The unified energy~solute mass
balance is moditied bv the addition ot a source, QPL, (calculated with the most
recent p solution by subroutine SUTRA) with concentration or temperature value,

UBC.

For a apecified U node, the discretized balance equation is modified by
zeroing the row ot the li-matrix which gives the equation for the specified node.
A one is placed on the diagonal and the specified U-value, UBC, is placed in the ==

same row of the right side vector.
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o Subroutine PINCHB
L -

}.d -Purpese:

To implement pinch-node conditions in both matrix equations.

b -Called by:
L‘:} .

SUTRA

-Description:
;f; PINCHB undertakes a loop through all pinch nodes. For each pinch node,
the appropriate row of each matrix (for p and U) is zeroed, a one is placed on
.. the diagonal, -0.5 is placed in the two columns corresponding to the side
neighbors of the pinch node, and the corresponding element of the right side

vector is zeroed.

Subroutine SOLVEB

-Purpose:

To solve a matrix equation with a non~-symmetric banded matrix.

. ~Called by:

SUTRA




~Description:
SOLVEB expects the matrix band as a vertical rectangular block wicth the
main diagonal in the center column, and minor diagonals in the orher ccolumns.
The upper lett-hand cerner and lower right-hand corner of the macrix is blank.
The first section of the routine carries out an LU decomposition of the
matrix which is saved within the original matrix space. The second section of
the rourine prepares the right side for solurion and carries out back-substitution

with a given right side vecrtor.

Subroutine BipDGET

-Purpose:
1) To calculare and output a fiunid mass budget on each time step with
output ..
2y To calculate and outpur a solute mass or energv budget on each time

step with cutpuc.

-Calied by:

STTRA

-ialls to:

UNSAT, ADSORR

-heseription:

BIDCET ecaleulares and outputs 4 tluid poss, solure air s or energv budget on
~1ch outpur rime step tor whichever of p and/or 1 are soived tor on the just-
compieted time step. The calculations are done as describe: in section 5.8

"Budyet Catcuiations.”
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Subrourine STOKRE

-Purpose:

To store p and U results 4s well as other parameters on lnit-66 in a format
ready for use as initial cenditions in Fnit-5>., This acts as a backup
for re-start in case 1 simmlation is v.expectedly terminated before com-

pletion hyv computer malfunction.

-Called by:

S17TRA

-Descriprion:

STORE is called upen rompletion of each time step of a simulation, if the
;tnrdﬂp option has heen chosen. STORE writes the most recent solution for p
and U ar the nodes on 1 file, Unir-66, in a format exactlv equivalent to that
ot input data tile Unit->%. Information is also written which is used in a
warm start (restart) of the simulation. The results of onlv the most recent
time step are stored on UXIT-06 as STORE rewinds the file each time before

wvritine,
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175




——w o d ey X e Try . o
g v L Ty Ty yy v oy ey wrryvrwrrees L Sadi i S il Sl Ml g Ll k. o v

o

——

Chapter 6 L
Simulation Examples ;

4

-®

This chapter outlines a number of example simulations which serve to
demonstrate some of the capabilities of SUTRA modeling. Some of the examples -
show results which are compared with analytical solutions or numerical

solutions available in the literature. These results serve to verity the

‘ _“
S , 1
-, .‘.x;,gA;--LJ

accuracy of SUTRA algorithms for a broad range of flow and transport problems.

The other examples demonstrate physical processes which SUTRA may simulate in of

P

systems where no other solutions are available. A complete SUTRA input data
set and model output is provided for the example of section 6.3, '"Radial Flow

with Energy Transport,"” in Appendix B and Appendix C. .4

6.1 Pressure Solution for Radial Flow to a Well -]
{Theis Analytical! Solution) - .
R

.

Physical Set-up: ‘_-_.:
S

A confined, infinite aquifer contains a fully penetrating withdrawal ...‘
b

well. Fluid is pumped out at a rate, QroT- :
' '1
Objective: °
-- - 1

To simulate transient drawdown in this system which should match the Theis

solution. The Theis solution (Lohman, 1979) is given in terms of variables used

in SUTRA by:

Qb
*
s = .)TOT W(u) (6.1a)

4 mp” Az k {gl

*
where s 1s the drawdown, W(u) is the well function of u, and
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r2 u S0
u = —Z—i—?—n (6.1b)

where r is the radial distance from the well to an observation point and t is

the elapsed time since start of pumping.

Simulation Set-up:

The mesh contains one row of elements with element width expanding by a
constant factor, 1.2915, with increasing distance trom the well; other mesh
dimensions are Arpin=2.5 iml, Argay®25. {m}, rpae=500. [m], Az=l. {m].
Mesh thickness at node 1, is given by Bj=2wrj, which provides a radial
coordinate svstem. The number of nodes and elements in the mesh are: NN=54,
NE=26. See Figure b.1.
The initial time step is, At =l. {s], with time steps increasing by a factor,
1.5, on each subsequent step.

One pressure solution 1s obtained per time step, solutions for concentration

are ignored; the cycling parameters are: NPCYC=], NUCYC=9999.

Parameters:

Sop = 1:039 x 107 (m-s2/kg| e = 0.20

a = 1.299 x 1070 [m-s2/kg} k = 2.0387 x 10710 [n2)
B = 4.6 x 10719 [m-s2/kg) o = 1000. [kg/m3]

lgl = 9.81 |m/s?]

QroT = 0.6284 [kg/s| (one-halt at each well node)
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Radial

finite-element mesh for Theis
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Boundary Conditions: .

No flow occurs across any boundary except where hydrostatic pressure is
specified at rpay. At the top outside corner of the mesh, rp,y, pressure is

held at zero. A sink is specified at r=0 to represent the well.

Initial Conditions:

Hydrostatic pressure with psQ at the top of the aquifer is set initially.

Results:

SUTRA results are plotted for two locations in the mesh representing obser-
vation wells at r=15.2852 [{m], and r=301.0867 [m]}. Both locations should plot on
the same Theis curve. The match of SUTRA results between one and 6000 minutes

with the Theis analytical solution shown in Figure 6.2 is good.

6.2 Radial Flow with Solute Tramsport .. W

(Analytical Solutions) e

Physical Set-up:

A confined infinite aquifer contains a fully penetrating injection well.

Fluid is injected at a rate, Qrgor, with a solute concentration, C*, into the

aquifer initially containing fluid with solute concentration, C,. The fluid

density does not vary with concentration. .

Objective:

To simulate the transient propagation of the solute front as it moves

radially away from the well. The concentrations should match the approximate
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log s*
N
|

= -4 ! | 1 |
o 3 2 1 0 1 2
log (t/r?)

b Figure 6.2
- Match of Theis analytical solution (solid line)

- with SUTRA solution (+).
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analytical solutions of Hoopes and Harleman (1967) and Gelhar and Collins (1971). :]
The solution of Gelhar and Collins (1971) is: ':
-\ ,- S
c-5 1 b2 - %) | DN
o =3 erfc 1 D A ’ (6.2)
¢ -C 4 3 m 4
= * — % : s
) 2[(3 aL)r +(A )r ] ]
where: /d
o = (2a0)? (6.3a) ]
0 ,:]
o1 . =
- () (630
]
]
The Hoopes and Harleman (1967) solution is obtained by replacing r* in the o)
denominator of (6.2) with r. ._ij
R
Simulation Set-up: T
The mesh consists of one row of elements with element width expanding from
Arpin=2.5 Im} by a factor, 1.06, to r=395. [m], and then maintaining constant
element width of Ar=24.2 [m] to rp,x=1000. [m]. Element height, b, is 10. [m].
Mesh thickness is set for radial coordinates, Bj=2wr;, with the number of

nodes and elements given by NN=132, NE=65. See Figure 6.3.
The time step is constant at At=4021. [s], and outputs are obtained for

times steps numbered: 225, 450, 900, 1800. One pressure solution is carried

out to obtain a steadv-state, (ISSFLO=1), and one concentration solution is done

o per time step, (NUCYC=1).
L

. : Parameters:
o , 3

Sap = 0.0 p = 1000. [kg/m?]

o ko= 1.02x10711 {m2] Dp = 1.x10710 [m2/s]

L
.-
b
_...:,'.
h-- .
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Figure 6.3
Radial finite-element mesh for constant-density

solute and energy transport examples.
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e = 0.2

p = 1.0x10"3 [kg/m-s]

X lgl = 9.8 (m/s2]

Qror = 62.5 [kg/s] (one half at each well node)

e c*=1.0

Boundary Conditions:

No flow occurs across
specified at rg,x. At the

held at zero. A source 1is

Initial Conditions:

Initially hydrostatic

Initial concentration, C,,

Results:

the approximate analytical

on a very fine spatial and

T T
i

A
I T

Clai Rt

P

SUTRA results after 225, 450, 900 and 1800 time steps are compared with

Harleman (1967) in Figure 6.4. The analytical solutions are approximate and

they bound the SUTRA solution at the top and bottom of the solute front. All

to be more accurate than either approximate analytic solution because it is based

&L = 10.0 [m]

QT = 0.0 [ml

any boundary except where hydrostatic pressure is
top outside corner of the mesh, rp.4., pressure is

specified at r=0.0 to represent the injection well.

pressure is set with p=0.0 at the aquifer top.

is set to zero.

solutions of Gelhar and Collins (1971) and Hoopes and

solutions compare well with each other and the SUTRA solution may be considered -

temporal discretization of the governing equation.
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Figure 6.4
Match of analytical solutions for radial solute

transport of Hoopes and Harleman (1967) (dashed),
Gelhar and Collins (1971), (solid), and SUTRA
solution (dash-dot). Number of elapsed time
steps is n.
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6.3 Radial Flow with Energy Transport

" (Analytical Solution)

Physical Set-up:

A confined aquifer contains a fully penetrating injection well. Fluid is
l injected at a rate, Qrqgr, with a temperature, T*, into the aquifer initially
: at a temperature, T,. For this problem, density p, and viscosity u, are kept
approximately constant by injecting fluid that only slightly differs in temper-

I ature from the ambient fluid; 1i.e. (T*—To) is small.

Objective:
f To simulate the transient propagation of the temperature front as it radially
moves away from the well. The solution should match an approximate analytical

solution of Gelhar and Collins (1971) modified for energy transport. The Gelhar

I and Collins (1971) solution, as modified for energy transport is:
- T-T 2 2
- o - 1 (r” - r¥")
' * 3 erfc 3 3 X %3 (6.4)
T-T 2{(z o, )c*" + ( TOT) ™}
. o 3L ——
S A
T
Q
TOT
® Z2meBp (6.5)
- €pc
g A = (c ") A (6.6)
N TOT
; Cror ™ €°Cy + (l-c)pscs (6.7)
L \TOT = exw + (l-e)xs (6.8)
i o* = (20! (6.9)
;
186

ER -.: _.\‘....-_.. -
w

-4 >.<' . ™. . - . . . - . - . .
Sl . - R PR - L N T T A R T T ST
R A P P 1, T Sl Sy S S A G I I RS I T T SO R P TP PRI B PR e S




The energy solution above may be obtained from the solute solution by retarding
the velocity of transport to represent movement of an isotherm rather than a
parcel of solute. This is done by accounting for energy storage in the solid

grains of the aquifer material in the storage term of the analytical solution.

Simulation Set-up:

The mesh used for this example is the same as for the radial solute transport

example. Time steps and frequency of SUTRA outputs are the same as for the radial

solute transport example.

for the radial solute transport example.

Parameters:
cy = 4182. [J/kg-°C]
cg = 840. [J/kg-°C]
Ay = 0.6 [J/s-m-°C]
p = 1000. [kg/m3)
Ag = 3.5 [J/s-m-°C]

pg = 2650. [kg/m3]

LI
2 0.0

u = p(T) (relation (2.5))

o1 = 312.5 {kg/s]

*
T = 1.0°C

Further, cvcling of the SUTRA solution is the same as

(one half at each well node)

Sop = 0

k = 1.02x10-11 [n2]
e = 0.2

lgl = 9.8 [m/s?]

aL = 10. [m]

oy = 0.0 [m}
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Boundary Conditions:

No flow occurs across any boundary except where hydrostatic pressure is
specified at rpzx- At the top outside corner of the mesh, pressure is held at
zero. A source is specified at r=0.0 to represent the injection well. Further,

the system is thermally insulated along the top and bottom of the mesh.

Initial Conditions:

Initially, hydrostatic pressure is set with p=0.0 at the top of the

aquifer. The initial temperature is T,=0.0°C.

Results:

SUTRA results after 225, 450, 900 and 1800 time steps are compared with
the approximate (modified) analytical solution of Gelhar and Collins (1971) in
Figure 6.5. The analytic solution has the same relation to the SUTRA solution
as it does in Figure 6.4 for solute transport. Thus the match is good, and
again the SUTRA result may be more accurate than the approximate analytic

result because of the fine discretization employed.

6.4 Areal Constant-Density Solute Transport

(Example at Rocky Mountain Arsenal)

Physical Set-up:

This example involves a simple representation of ground-water flow and sol-
ute transport at the Rocky Mountain Arsenal, Denver, Colorado, which is based on

the detailed model of the system by Konikow (1977). The simplified representa-
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Match of analytical solution for radial energy
transport (modified from Gelhar and Collins (1971)
solid line) with SUTRA solution (dashed line).
Number of elapsed time steps is n.
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tion consists of an areal model of a rectangular alluvial aquifer with a con-~
stant transmissivity and two impermeable bedrock outcrops which influence ground-
water flow. (See Figure 6.6.)

Regional flow is generally from the south-east to the north-west where some
discharge occurs at the South Platte River. This is idealized as flow origin-
ating in a constant head region at the top of the rectangle in Figure 6.6, and
discharging to the river at the bottom of the rectangle which also acts as a
specified head region. Three wells pump from the aquifer (at a rate of Qgur
each), and contamination enters the system through a leaking waste isolation
pond (at a rate of QpyN, with concentration, C*). The natural background con-

centration of the contaminant is Co-

Objectives:

1) To demonstrate the applicability of SUTRA to an areal constant density
solute transport problem; 2) To convert SUTRA input data values so the pressure
;esults represent heads, and the concentration results are in {ppm]; and 3) To
simulate steady~state flow and hypothetical steady-state distributions of the
contaminating solute, both as a conservative solute, and as a solute which under-
goes first order decay, assuming that the contamination source in the idealized

system is at a steady-state.

Simulation Set-up:

The rectangular mesh consists of 16 by 20 elements each of dimension 1000. ft
by 1000. ft, as shown in Figure 6.6. (NN=357, NE=320). Mesh thickness, B, is
the actual aquifer thickness, assumed constant for the idealized model.

One steady-state pressure solution is obtained (ISSFLO=1), and one concen-
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conduction, dispersion, and tipping of the thermal front. The front should
tip as less dense, less viscous hot water rises over colder, denser, and more

viscous formation water.

Simulation Set-up:

The mesh is 30. [m] high with a vertical spacing between nodes of 3.0
{m}. The first column of elements has width Aryi, = 1.0 [m]), and element
width increases with each column by a factor, 1.1593, to a final column of
width, Arp,y = 35. [m]. The outside boundary of the mesh is at rpgy =
246. [m]. See Figure 6.13. Mesh thickness, B, at any node i, is By =
2%ry, giving cylindrical symmetry. The number of nodes and elements in the
mesh is given by NN=286, NE=250.

The time step is constant at At = 3.0 {days]. One pressure solution and
one temperature solution is obtained at each time step (NPCYC=NUCYC=1l). The
storage coefficient is assumed negligible resulting in a steady flow field at
any time step. Subroutine BCTIME is programmed to control the well rate which
changes after 90 days from fluid injection to fluid withdrawal.

A time-dependent fluid source is specified at the left vertical boundary
(center axis) which injects 60.{°C] water for 90 days and then withdraws ambient
water for 90 days. The right vertical boundary is held at hydrostatic pressure
for water at 20. {°C]. Any inflow at this boundary has a temperature of 20.°C.
Thermally insulated and impermeable conditions are held at the top and bottom

of the mesh.
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Match of 0.50 isochlor contours for Henry problem el
with simulated results for Dy = 6.6 x 10-%(ml/s) f{ﬂf
of Pinder and Cooper (1970), (short dashes), Segol, T
et al (1975) (dotted line), Frind (1982) (long and ) j!
short dashes), Desai and Contractor (1977) (long dashes). R
SUTRA results at isochlors (0.25,0.50,0.75) (solid line). o

Henry (1964) solution for Dy = 18.8571 x 10~9 [m2/s],
(0.50 isochlor, dash-dot).
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solution, which is approximate and may not be as accurate as the numerical

-e
.

solutions.

.-"_.4

.l

For the lower value of diffusivity, Dm=6.6x10'6 [mzls], (which should ""?

s

not compare with the Henrv result), the SUTRA solution at t=100. [min] is com- "
]

3

pared in Figure 6.12 with that of Pinder and Cooper (1970) (method of charac- -1
—

teristics), Segol et. al. (1975) (finite elements), Desai and Contractor (1977)

3
\
dedutiie

(finite elements - coarse mesh), and Frind (1982) (finite elements). The match f?ll

of the numerical 0.5 isochlor solutions is remarkably good; however, it should

be nored that none of these match the analytical solution.

6.6 Densitv-Dependent Radial Flow and Energy Transport

(Aquifer Thermal Energv Storage Example)

Physical Set-up:
This is an example of agquifer thermal energy storage. Hot water is in- nﬂi]
jected into an aquifer for storage and later withdrawn and used as an energy

source. The fully penetrating injection wells are emplaced in a well-field Q:f
‘ ' ) ) P
in a hexagonal packing pattern. The wells are at the vertices of contiguous ®
T

equilateral triangles with sides of 500. {m]. This gives approximately radial 'w,}
svmmetry to physical processes surrounding an interior well. f;l
- . . :

)

Objective: .
Y

To simulate the initial injection-withdrawal cycle at an interior well Afpﬂ

o]

consisting of 90 davs of injection (at Qry) of 60°C water into the aquifer °®
- Oy

initially at 20"C, and 90 days of withdrawal (at Qpy) producing the stored B
.1

water. Degradation of recovered fluid temperature should occur due to thermal -
e

R

o

-

X

)

e

..\I

C
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Match of isochlor contours for Henry analytical
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Results:

Henry's solution assumes that dispersion is represented by a constant
large coefficient of diffusion, rather than by velocity-dependent dispersivity.
Two different values of this diffusivity have apparently been used in the lit-
erature by those testing simulators against Henry's solution. The total dis-
persion coefficient of Henry (1964), D, is equivalent to the product of porosity
and molecular diffusivity in SUTRA, D=ecDy,.

Henry's results are given for his non-dimensional parameters: §£=2.0, b=0.1,
ax.264 (page C80- Figure 34 in Henry (1964)). 1In order to match the Henry para-
meters using simulation parameters as listed above, values of D=6.6x10~6 [m2/s)
and D“.,-l8.8571x10'6 [m/s) are required. Some authors, however, have appar-

ently used a value equivalent to I.)m--l6.6x10'6 [(m2/s] and D = 2.31x1076

[m2/s]), which differs from the Henry parameters by a factor equal to the porosity.

In the previous model solutions compared here, only Huyakorn and Taylor
(1976) have employed the higher value which should match Henry's solution. A
comparison of SUTRA results at t=100. {min], using the higher value with those
of Huyakorn and Taylor (1976) along the bottom of the section is shown in Figure
6.10. Huyakorn and Taylor's results are for a number of simulation models
based on significantly different numerical methods. SUTRA results are also shown
for the lower diffusivity value. The results of simulations using the higher
diffusivity value compare favorably. Results using the higher value have also
been obtained with the INTERA (1979) finite-difference code at t=100. [min},
(with centered-in-space and centered-in-time approximations). These are
compared with SUTRA and the Henry solution for the 0.5 isochlor in Figure

6.11. The models match well but do not compare favorably with the analytic
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sea water through use of specified pressure nodes. Any water which enters the

section through these nodes has concentration Cpc of sea water (equal to Cg).

Parameters:

£ = 0.35 k = 1.0204608x10™° LQZJ
(based on K=1.0x10 [m/s])

_ kg(dissolved solids _ 2
Ce = 0.0357 [ o) ] lgl = 9.8 [m/s2]
pg = 1025. [kg/m3] ap = ap = 0.0

s 2
ap - kg{ seawater) -
ac - 100 [(kg dissolved solids.m3) B = 10 [ml
po = 700. [kg/m3] 6.6x106 [m2/s] | two
D= 18.8571x1076 [m2/s] s cases

QN = 6.6X10—2 [kg/s] CiNy = 0.0

(divided among 11 nodes

at left boundary)

Boundary Conditions:

No flow occurs across the top and bottom boundaries. A fresh-water source
is set along the left vertical boundary. Specified pressure is set at hydrosta- ,;;

tic sea water pressure with (pg=1025. (kg/m3]) along the right vertical

boundary. Anvy inflowing fluid at this boundarv has the concentration, Cg=0.0357

lkg(dissolved solids)/kg(seawater)], of sea water.

o Initial Conditions: T

Natural steadv pressures are set evervwhere in the aquifer based on the

® fresh-water inflow, zero concentration everywhere, and the specified pressures @
tfi' at the sea boundary. These initial conditions are obtained through an extra ;;{
Q{fi initial simulation which calculates steady pressures under these conditions.
E."‘ . P

. )
. .
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6.5 Density-Dependent Flow and Solute Transport

(Henry (1964) Solution for Sea-Water Intrusion)

Physical Set-up:

This problem involves sea-water intrusion into a confined aquifer studied

in cross-section under steady conditions. Fresh-water recharge inland flows

over salt water in the section and discharges at a vertical sea boundary.

The intrusion problem is non-linear and
steady state gradually with a series of time
water in the aquifer, and at time zero, salt
water system by moving under the fresh water

sion is caused by the greater density of the

may be solved by approaching the
steps. Initially there is no salt
water begins to intrude the fresh
from the sea boundary. The intru-

salt water.

Dimensions of the problem are selected to make for simple comparison with

the steady~state dimensionless solution of Henry (1964), and with a number of

other published simulation models. A total simulation time of t=100. {min}], is

selected, which is sufficient time for the problem to essentially reach steady

state at the scale simulated.

Simulation Set-up:

The mesh consists of twenty by ten elements, each of size 0.1 [m] by 0.1 [m],

(NN=23], NE=200). Mesh thickness, B, is 1. [m]}. See Figure 6.9. Time steps

pressure and concentration are solved for on

196

are of length 1. [min), and 100 time steps are taken in the simulation. Both

each time step, (NUCYC=NPCYC=}).

A source of fresh water is implemented by employing source nodes at the
left vertical boundary which inject fresh water at rate, Qyy, and concentra-

tion, Cyy- The right vertical boundary is held at hy.irostatic pressure of
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at 250. [ft) at the top of the mesh and where constant head is specified as

changing linearly between 17.5 [{ft] at the bottom left corner, and 57.5 [ft] at

[
P o
@

the bottom right corner of the mesh. Inflow at the top of the mesh is at back- SEEEES

ground concentration, C,=10. [ppm}. A source is specified at the leaky pond

--iﬁ'.-',-L-A]

node, and a sink is specified at each well node.

Initial Conditions:

-

RN

Initial pressures are arbitrary for steady-state simulation of pressure. jlffij

Initial concentration is C,=10. [ppm]. : 1!!
S

Results: -.,}ui
regn ts s

A nearly steady-state solute plume for a conservative solute is obtained ég—fg!
after a 1000 year time step shown in Figure 6.7. For a solute which under- K ff:i

goes first order decay with decay coefficient, y=1.1x10"% [s~1] (approxi-

mately a 20 year half-life), the nearly steady plume is shown in Figure 6.8.

Just upstream of the plume envelope is a region in which concentration dips
slightly below background levels. This is due to a numerical problem of
insufficient spatial discretization in a region where the concentration must
change sharply from fresh upstream values to contaminated plume values. Lower
dispersivity values would exacerbate the problem in the upstream region, but

minor upstream oscillations do not affect concentration values within the plume.
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tration solution is obtained. The concentration solution is obtained after a
single time step of 1000. years, which, for all practical purposes, brings the .
concentration distribution to a steady-state. ;;;
The leaky pond is simulated as an injection of fluid (Qgy, c*) at a |
single node. Where the impermeable bedrock outcrop occurs, elements are N
assigned a conductivity value one-millionth of the aquifer values. A single :‘-
value of constant head is specified along a portion of the top boundary, and a
series of head values 1is specified along the bottom (river) boundary to
represent changing elevation of the river. -*!
In order to obtain results in terms of hydraulic head and |ppm], the
following must be specified: p=1.0, g% = 0.0, [g|=0.0, p=1.0. Hydraulic con- ;:;
ductivities are entered in the permeability input data set. Head values in [ft] 1’
are entered in data sets for pressure. Concentrations in |ppm]| are entered in . 3
data sets for mass fraction concentration. Sources and sinks are entered in units ;i;
of volume per time. .:s
Parameters: ;;'
-
“’ ap = 500. [ft] Qry = 1.0 [£t3/s] .
E ap = 100. |ft] c* = 1000. |ppm) f'j-;.';
L. e = 0.2 Co = 10. |ppm) _‘!
P " K = 2.5x107% {ft/s] Qoyr = 0.2 t£t3/s] j_;:_-_‘
i;i, (hydraulic conductivity) (at each of three wells) :éf
= B = 40. ft -7
® -
s
L:;' Boundary Conditions:
Eii; No flow occurs across any boundary except where constant head is specified
L
il -
- 3
L ’-'t
f. 192 .
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Parameters
c = 4182. {J/kg-°C]| S =20
w op
v ~-10 2 =R
c. = 840. [J/kg-“C}| k=1.02 x 10 [m®]) s
=@
\w = 0.6 [J/s'm-"“C} e = 0.35 oy
A, = 3.5 [J/semevc) b, = 1000. [kg/m’] I
T = 20.°C b, = 2650. [kg/mS] _
2 3 -
3T ° -0.375 [kg/m ->C| u = u(T) (relation (2.5)) :
T = 60.[°C) lg] = 9.81 [m/s?)
o«
!
QTOT 200. [kg/s] @ 4.0 {m] _Ji
(distributed along well) :
a, = 1.0 [(m] :-
Boundary Conditions: .
Conditions of no flow and thermal insulation are held at all boundaries F;:
except where hydrostatic pressure at T = 20.[{“C] is specified at rp,.. At the oo
top outside corner of the mesh the pressure is held at zero. A time-dependent ::!
source is specified at r=0.0 to represent the injection-withdrawal well. ;Q
Initial Conditions: {5-
Hydrostatic pressure is specified initially, with p=0.0 at the top of the {f:
aquifer. The initial temperature is set to T,=20.[°C]). !:f
.
Resultsg: .
SUTRA results during injection after 30 days and 90 days are shown in
Figure 6.14 and Figure 6.15. Simulated results during withdrawal are shown in _9
..
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Figure 6.15
SUTRA results after 90 days of hot water injection.
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Figure 6.16, Figure 6.17, and Figure 6.18 after 30 days, 60 days, and 90 days

of withdrawal. The thermal transition zone (between hot and cold water) widens

throughout the injection-production cycle, due to both dispersion and heat con-

A

duction. The top of the transition zone tips away from the well during the entire
cycle, due to the bouyancy of the hotter water. These two effects combine to
\ cause cooler water to reach the bottom of the withdrawal well much earlier than
if no density differences or dispersion existed. Also, although the same quan-
tity of water has been removed as injected, energy is lost to the aquifer during

the cycle as seen at the end of simulation.

6.7 Constant-Density Unsaturated Flow and Solute Transport

(Example from Warrick, Biggar and Nielsen (1971))

Physical Set-up:

’ Water containing solute infiltrates an initially unsaturated solute-free
soil for about two hours. Solute-free water continues to infiltrate the soil

; after the initial two hours. The moisture front and a slug of solute move

‘ downwards through the soil column under conservative non-reactive constant-

density transport conditions, as described in a field experiment by Warrick,

2 Biggar, and Nielsen (1971).

Objective
To simulate the transient propagation of the moisture front and solute
slug as they move downwards through the soil column, under conditions of

simulation equivalent to that used by Van Genuchten (1982) to represent the
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Figure 6.18
SUTRA results after 90 days of pumping, (180 days

total elapsed time.)
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i‘ field experiment. The solutions should match the best fine grid - fine time

.i step simulation results of Van Genuchten (1982) which were obtained with a

c number of different finite difference and finite element numerical methodol-
ogies.

i Simulation Set-up:

.; The mesh consists ot a single vertical column of 100 elements oriented

- in the direction of gravity, which is 2.0 [m] long and 0.01 [m] wide. The

‘ number of nodes and elements is: NN = 202, NE = 100. Each element is 0.0l [m]

| wide and 0.02 {m] high. Mesh thickness is unitv. The vertical coordinate, x,
is measured downward from the top of the column.

1; The time step is constant at At = 30. [s], and because of the small time

. step, only one iteration is done per step. The simulation is carried out for

:: nine hours of infiltration.

.. Outputs are obtained once each hour, but are only compared at two hours

and nine hours. There is one pressure solution and one concentration solution

each time step.

Parameters

k_ = 1.235376x107°%  exp(13.604 5.) (6.10)

. S = 1.52208 - 0.0718947 ln(-p) (6.11a)

t) >_ . K
for -2892.38 ¢ p § -1421.96 [kg/(m-s™) | g;;

. 5, = 2.94650 = 0.250632 In(-p) (6.11b) j
8 2 . ®
for p ¢ =-28Y92.38 [kg/(m-s")] -
. 3
S = 0.0 p = 1000. [kg/m ] ,
op g -
. e
e K = 4.4558x107 1% [m?] 0, = 0.0
213
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e = 0.38 @ - 0.01 {m)
-3
ne 1.0 x 10 “(kg/m-s] @ = 0.0 [m]
2
igl = 9.81 [m/s")
Boundary Conditions
The top boundary representing an infiltration pond, is held fully satur-
ated, S,; = 1.0, (water content €S, = 0.38) during the simulation by spec-

ification of pressure at p = -1421.96 [kg/(m-s2)]. The bottom boundary is

held at a specified saturation of S, = 0.526316, (water content €S, = 0.20)

by specification of pressure, p = -15616.5 [kg/(m-sz)]. No flow occurs across

either side boundary, but flow enters the top boundary due to the pressure spec-

ification. The concentration of inflowing fluid at the top 1s held at C = 209.

{meq/liter} until time t = 168.0 [min]), at which time the concentration of the

inflow drops to C = 0.0 [{meq/liter]. Note that the concentration units are

arbitrary (need not be mass fractions) because this is a constant density sim-

ulation.

Initial Conditions:

Initially, pressures are set to obtain the following initial distribution

0.394737 + 0.219289 x 0.0 ¢ x S 0.60 [m] (6.12)

Sy(x,t=0) =

0.526316 0.6 ¢ x £1.25 [m]

Initial concentrations are set to zero.
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Results:

SUTRA results after two hours and nine hours of infiltration are shown
with the finely discretized solutions of Van Genuchten (1982) for saturation
in Figure 6.19, and tor concentration in Figure 6.20. The results coincide
almost exactly for both early and late time so only one curve can be shown for
each time. Although the SUTRA results are obtained with a non-iterative solu-
tion and small time steps, similar results may be obtained with longer time
steps and a few iterations per step. The concentration front lags behind the
moisture front as the volume between the concentration front and top boundary
represents the water which has infiltrated. The volume of water between the

moisture front and concentration front represents the initial water in the

medium which has been displaced by the infiltrating water.
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Figure 6.19

Propagation of moisture front for unsaturated flow and
solute transport example. Results of Van Genuchten
(1982) and SUTRA shown in same solid line.
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Figure 6.20
Propagation of solute slug for unsaturated flow and solute

transport example. Results of Van Genuchten (1982) and
SUTRA shown in same solid line.
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Chapter 7

Simulation Setup

7.1 SUTRA Data Requirements

The following is a complete list of data required to setup a simulation
with SUTRA. (1) The information included in the list is the parameter name
used in this report (if it has been mentioned), (2) the parameter units, (3)
the parameter name in the input data list, and (4) a short explanation of the

parameter.

Mesh and coordinate data

2
g {L/s | GRAVX x-component of gravity vector
X
2
g [L/s ) GRAVY y-component of gravity vector
y
X L] X(I) x coordinate of node 1, for all
i nodes in mesh
v {|L) Y(I) y coordinate of node i, for all
1 nodes in mesh
NN NN total number of nodes in mesh
IIN(1=-4) counter-clockwise nodal incidence
list in each element
IEDGE(1-4) ordered list of pinch nodes in each
element according to Figure 5.5
NE NE total number of elements in mesh
NPINCH total number of pinch nodes in mesh
NBT full band-width of global banded
matrix
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a fraction of an element per time step. Broad fronts with low ¢gradient in con-
centration or temperature have adequate temporal discretization when time steps
are chosen to move the front one or more elements per step.

Usuallv 2 constant time step size is chosen for transport simulation when
flow velocities remain relativelv constant during a simulation. For saturated
flow and transport, it adequate temporal pressure discretization would allow
larger time steps thian the temporal fransport discretization, then a pressure
solution mav be done anlv every n time steps tor transport. For example, if
the adequate pressure time step is ten times that of transport, then SUTRA input

data requires the specification: NPCYC = 10, NUCYC = 1,

7.3 Program Dimensions

All vertor and arrav dimensions in the SUTKA computer code which mav vary
betwesn simulations are combined for user convenience in three large arravs, RM,
RV, and IMV. These arravs are dimensioned by the user in the main routine for
SUTRA. No otrher arravs need be dimensioned. RM contains all of the real
matrices in the code, RV contains all of the real vectors, and IMV contains
atl ot the integer matrices and vectors. The dimensions required for these
atravs, KMbDIM, RVDIM, and TMVDIM, must be specified in the main program to values
greater than or equal to those required. The required values are given hv

refaticons similar to:

RMDIM = 20NN)(NKID) (7.6)

2135




6) Unsaturated tlow simulation requires at least as fine discretization as
does transport. Spatial instability appears as an oscillation in saturation
values. Unsaturated flow parameters mav vary sharply in space, especially dur-
ing wetting events. A rule-of-thumb is to design the mesh to have at least five

elements across a saturation tront.

73 Discretization in time is done bv choosing the size of time steps. Actual
time step sizes mav be as large as possible while providing adequate discretization
of parwmmeter changes in time. As with spatial discretization, the adequacy of a
temporal disceretization mav be tested onlv by comparing results of simulations car-
ried out with ditterent time step sizes.

For saturated flow simulation, temporal aiscretization begins with fine time
steps which mav hecome significantlv larger as the system response slows. The
time—step multiplier feature is provided in SUTRA input data to allow this type
of temporal diseretization. L

For unsaturated flow simulation with SUTRA, temporal discretization must be

. o

fine enough to keep saturation changes at each node to be small over any time oo
_ .

step. A rule-ot-thumb is that over a4 time step, the maximum saturation change N
.

is dbout 0.1, .
- <

.Td

For transport simulation, temporal changes in concentration or temperature
At a4 point in space dare often due to the movement of fronts with the fluid flow.
Therefore, adeqgquate discretization of these parameters in time is often related
to borh tiuid velocity and spatial gradients in the parameters. The higher the

longitudinal spatial gradient and tluid velocity, the smaller the time step re-

quired for adeguiate temporat discretization. A general guideline is that rela- Tl

tively sharp tronts require time discretization which allows them to move onlv

.
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While (7.4) deals with adequate discretization tor numerical stabilitv it
may be interpreted from another point of view. Taken in combination with the
ronsiderations of guideline (2) requiring at least five elements across a front,
(7.4) implies that a minimum front width which mav be simulated when the mesh is
designed according to ALL ~ QUL is 2UQL. Thus for eariv times following onset

of localized energy or solute source, the sharp front that should result mav be

simulated inacecurately as its width is less than QOaL.

4) Discretization for transverse dispersion also mav be related to dis-

persivitv., Although an exact guideline is not given, the object of transverse
discretization is to make the local element dimension perpendicular to a stream-

line small relative to the total transverse dispersivity:

AL, < a.. + 1 £S 0+ (l-¢)o (7.9
I T v W oW s

where ALT is the local element dimension transverse to the flow direction. In
the case where the transverse mixing rather than diffusion dominates the trans-
verse dispersion an adequate but stringent rule-of-thumb may be, ALT < IOQT.

although simulation results should be compared for various transverse discreti-

zations.

5) Radial/evlindrical meshes with a well require very fine discretization
near the center axis to accommodate the sharply curving pressure distribttion.
The radial element dimensions mav increase outward and hecome constant at, for

example, 1 size of Qa[.
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cSw fvi ALL

m [csw(uw + o lvi) + (l-e)os]

Pe (7.1)

where ALL is the local distance between element sides along a streamline of
flow. Spatial instability appears as one or more oscillations in concentration
or temperature. Stability is guaranteed in all cases when Pem < 2, which gives
a criterion for choosing a maximum allowable element dimension, ALL, along the
local flow direction. This criterion significantly affects discretization.
Spatial stability is usually obtained with SUTRA when

Pe < 4 (7.2)
m

which gives a less-stringent criterion. Mesh design according to the criterion
is critical when concentrations or temperatures change significantly along
streamlines, such as when a front is propagated in the direction of flow. When
concentrations or temperatures exhibit small changes along streamlines, then
the criterion, (7.2) may safely be violated, even by a few orders of magnitude,
without inducing spatial instability. An example of this may be cross-sectional
simulation of an aquifer containing fresh water and salt water. In such a case,
flow often is directed parallel to the front between fresh water and salt water,
allowing use of discretization with large mesh Peclet numbers.

In the typical case of solute or energy transport with longitudinal dis-

persion primarily due to longitudinal mixing, the mesh Peclet number becomes:

AL
Pe = (;—L) (71.3)
L

A discretization rule-of-thumb for simulation with SUTRA which guarantees

spatial stability in most cases is:

ALL < haL (7.4)
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distinct lavers of permeabilitv. Fach node at the boundary of these layers
experiences some average of the two permeabilities rather than either one.
Thus, no node in the system experiences the assigned low permeability of con-
fining taver, and the three-laver discretization is inadequate. More lavers of
elements are required in each unit to obtain adequate discretization although
the mode]l always experiences an average permeability in the elements making up
the boundaries of the units. Further refinement of discretization would be re-
quired to represent the pressure distribution should accurate simulation of
sharplv-varving pressures across the confining layer be required.
Discretization of the spatial distribution of transport variables, con-
centration or temperature, often is that which requires the finest mesh. The
spatial distributions of these variables often include a 'front' at which the
concentration or temperature changes sharply from high values on one side to
low values on the other side. A rule-of-thumb is that at least five elements
should divide the front in order to guarantee that the simulated front width
arises from simulated physical processes rather than from spreading due to
inadequate discretization. When such fronts travel with the flow across a mesh
during simulation, then the mesh must be designed fine enough to adequately
represent the front at all points along its path. In regions external to the
front path, coarser discretization is usuvally adequate, and an expanding mesh

or pinch nodes may be used to design the discretization in this region.

3) The spatial stabilitv of the numerical approximation of the unified
transport equation (2.52) depends on the value of a mesh Peclet number, Pe,

given by:
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ferences in the results, then the coarser simulation indeed has been adequately

discretized.
Some general guidelines for obtaining adequate discretization, both for
parameter representation and for accuracy and stability of numerical methods

are given below.

1) Nodes are required where boundary conditions and sources are specified.
Should accurate simulation of processes near these specified points be required,

then a finer mesh is needed in these areas.

2) A finer mesh is required where parameters vary faster in space. This
is often the case near sources or boundary conditions specifying inflows of
fluid, solute or energy. The fineness required is that which makes the nodewise,
cellwise, or elementwise discretization of the parameter values a good represen-
tation of the actual distributions. When a parameter distribution is known a
priori, then this discretization is straightforward. However, when the parameter
distribution depends on the simulation results then judgement must be exercised
in discretization, and the result may be tested by experiment with various dis-
cretizations.

It is important to recognize that each node or element does not alone rep-
resent a physical entity in an aquifer system. This is demonstrated in the
tollowing example which shows that one layer of elements 1s not a good repre-
sentation in cross section of a semi~confining layer or aquifer unit. Although
permeability is specified elementwise and the permeability of two aquifer units
separated by confining layer, viewed in cross-section, is clearly represented

visuallv by three layers of elements, the numerical model does not 'see' three
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7.2 Discretization Rules-of-Thumb

Proper discretization in space and time is the vital factor in obtaining
accurate simulation of the physics of flow and transport with a numerical model
such as SUTRA. Adequate discretization is vital for two reasons: 1) The
ability of a model to represent the variations in system parameters and to
simulate complex processes depends on the fineness of discretization. 2) The
accuracy and stability of the numerical methods used to represent system
processes, in particular, transport, depends on the spatial and temporal
discretization. This section describes some general guidelines for designing
adequate discretization for simulation with SUTRA.

A 'sufficiently good' discretization allows for accurate simulation of the
processes and parameter variations at the scale of interest, and thus the
goodness of a discretization 18 a relative rather than absolute factor. A better
discretization is always obtained by making existing discretization finer, but
the finer the discretizations are, the more computationally expensive the simu-
lations become.

Relative to a certain adequate level of fineness, even finer discretizations
do not practically improve the accuracy of simulation. 1In contrast, discretiza-
tion that is too coarse may completely obscure parameter variations and processes

of interest in a simulation, and give highly inaccurate results. Unfortunately,

simulation results based on inadequate discretization may appear to be a reasonably

good representation of flow and transport physics in a particular system. The
only way to explicitly check for inadequate discretization of a system {s to simu-
late with a discretization that is assumed to be adequate and then with a signi-

ticantly finer discretization and compare results. 1If there are no telling dif-
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NCHAPI

NCHAPL

PBASE

UBASE

B e Y St e "

number of printer
number of printer
value for scaling

value for scaling
or concentrations

Observation Option

NOBS

NTOBS

NOBCYC

INOB(I)

number of nodes at which pressure
and temperature or concentration
will be observed (zero cancels the

option)

maximum number of
steps

observations are made every NOBCYC

time steps

observation node numbers

Budget Option

KBUDG

= 1 output fluid mass and energy or
solute mass budgets

= 0 no budgets

Output Controls

KNODAL

KELMNT

KINCID

NPRINT

. . [ S - Lo . . L
A . NI . A - . N
B W S W T T G T P W P 'Y

1 output nodewise

0 cancel output

1 output elementwise input data

0 cancel output

1 output incidence lists

0 cancel output

results are output every NPRINT

time steps
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characters per inch
characters per line

plotted pressures

plotted temperatures

observation time

input data
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Simulation mode options

SIMULA

IUNSAT

ISSFLO

P o N e N N

ISSTRA

Velocity Output Option

"SUTRA ENERGY TRANSPORT"

"SUTRA SOLUTE TRANSPORT"

1

0 transient transport

allow unsaturated flow
saturated flow only
steady-state flow

transient flow and transport

steady-state flow and transport

KVEL

= ] output fluid velocity at element

= 0 no velocity output

Printer Plot Output Option

centroids

KPLOTP

KPLOTU

IDIREC

NLINPI
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= 0 no pressure plots 0
"o

= ] output plots of temperature :53i53
or concentration :,:{;Ji

= 0 no plots of temperature or RS
concentration ‘ '14
...

= +] plot across page (small) o]

= -] plot along page (large)

number of printer lines per inch e

= ] output of pressure




{”"c)
U (t=t )
{M /M]
S

UVEC(TII)

UVEC(IT)

Numerical and temporal control data

vy [Ls]

up (1}

At {s]
[s]

NPCYC

NLCYC
[M/(L-sz)]
("¢l
IMS/MI

Data tor options

GNU

up

DELT

TMAX

ITMAX

ITCYC

DTMULT

DTMAX

NPCYC

NUCYC

ITRMAX

RPMAX

RUMAX

RUMAX

TREAD

ISTORE

re

-

for energy transport:
erature at all NN nodes in the mesh

initial temp-

for solute transport: initial con-
centration at all NN nodes in the
mesh

specified pressure boundary condition
'conductance’ factor (4.64)

fractional upstream weight for asym-
metric weighting functions (4.23) (4.24)

initial time step -
maximum allowed simulation time

maximum allowed number of time steps
in a simulation

3
time step change cycle ,’E
multiplier for time step change cycle _}:

maximum time step size allowed when
using multiplier

time steps in pressure solution cycle

time steps in temperature or concen-
tration solution cycle

maximum number of iterations for non-
linearities per time step

pressure convergence criterion for
iterations

tor energy transport:
convergence criterion

temperature

for solute transport: concentration

convergence criterion

= +] new simulation - cold start
= ~] restart simulation - warm start
= | store simulation

later restart

results for 4
store results S

= () do not




YN,
1

NUBC

1UBC,
ipu

UBC

NSOU

IQCU

IN,
i

t“Cl

or
lMs/M]

UINC, UIN(I)

UINC, UINC(I)
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for energy transport: value of temp-
erature of any fluid which enters
the system at source node IQCP

for solute transport: value of con-
centration of any fluid which enters
the system at source node IQCP

Energy or Solute Data -

Specified Temperatures or Concentrations

oy

(M /M

NUBC

IUBC(IPU)

UBC(IPU)

UBC(IPU)

number of nodes at which temperature
or concentration is a specified
constant or function of time

node number at which temperature
or concentration is specified (for
all NUBC nodes)

for energy transport: value of spec-
ified temperature at node IUBC (for
all NUBC nodes)

for solute transport: value of spec-
ified concentration at node IUBC (for
all NUBC nodes)

Energy or Solute Data -

Diffusive Fluxes of Energy or Solute Mass at Boundaries

LE/s]

lMs/s]

Initial conditions

{s]

2
[M/(L-s™)|

NSOU

IQCU,
1QSOU( IQU)

QUIN(I)

QUIN(I)

TSTART

PVEC(II)

~
1~

number of nodes at which a diffusive
energy or solute mass flux (source)
is specified

node number at which a flux (source)
is specified (for all NSOU nodes)

for energy transport: energy flux
{source) rate at node IQCU (for all
NSOU nodes)

for solute transport: solute mass
flux (source) rate at node IQCU (for
all NSOU nodes)

starting time for simulation clock

initial pressure at all nodes in mesh
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{(E/M)/s] PRODFO

w
Y
o]
[(MSIM)/s] PRODFO
[(E/MG)/s] PRODSO
S
Y
(o]

[(Ma/HG)/S] PRODSO

Boundary conditions and source data

for energy transport: zero-order
rate of energy production in the
fluid

for solute transport: zero-order
rate of solute mass production in
the fluid

for energy transport: zero-order
rate of energy production in the
immobile phase

for solute transport: zero-order
rate of adsorbate mass production
in the immobile phase

Flow Data - Specified Pressures

NPBC NPBC
IPBC IPBC(IPU)
ipu
PBC [M/(L-sz)] PBC(IPU)
ipu
[°c) UBC(IPU)
UBc1pu
[HS/M] UBC(IPU)

number of nodes at which pressure is
a specified constant or function of
time

node number at which pressure is
specified (for all NPBC nodes)

value of specified pressure at node
IPBC (for all NPBC nodes)

for energy transport: value of temp-
erature of any fluid which enters
the system at node IPBC

for solute transport: value of
concentration of any fluid which
enters the system at node IPBC

Flow Data - Specified Flows and Fluid Sources

NSOP NSOP
IQCP IQCP,
iap I1QSOP (IQP)
Q {M/a] QINC, QIN(I)
Ny
224

number of nodes at which a source
of fluid mass is specified

node number at which a fluid source
is specified (for all NSOP nodes)

fluid source rate at source node
IQCP (for al® . des)
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(Ef(L-°C-s)]

[(E/f(M-°C) ]

(E/(M-°C) ]

(M/L3)

SIGMAS

Cw

CS

RHOS

Reaction and production parameters

w
41

8
41

3
[Lf/MG]

3
(Lf/MG]

(1}

3
[LfIMG]

3
[Lf/Hsl

ls-ll

Linear Sorption

T N T N o Py S o rn—

for energy transport: solid grain
thermal conductivity (equals zero
for solute transport)

for energy transport: fluid specific
heat capacity (equals one for solute
transport)

for energy transport: solid grain
specific heat capacity (not specified

in input data for solute transport)

density of a solid grain in the solid
matrix

Isotherm

CHI1

linear distribution coefficient (2.34a)
(x2 18 zero for this isotherm)

Freundlich Sorption Isotherm

CHI1

CHI2

Freundlich distribution coefficient (2.35a)

Freundlich coefficient (2.35a)

Langmuir Sorption Isotherm

CHII

CHI2

Langmuir distribution coefficient (2.34a)

Langmuir coefficient (2.36a)

Production

PRODF1

PRODS1
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for solute transport: rate of firat-
order production of adsorbate mass

in the fluid mass (equals zero for
energy transport)

for solute transport: rate of first
order production of solute mass in
the immobile phase (equals zero for
energy transport)
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Flow parameters

8 (M/(L-s2)]"]
a [M/(L-s2) -]
£ {1}

kmaxL [Lzl

kminL [12]

oy, L1

Po (M/L3)

(M/L3-°C]

dp
;—I or
5
(M2/13-Mg |
[°C]
”O or
(Mg /M]

Transport parameters

;.. “I,max[‘ (L )
[
- o ; [LI
_‘" Lming,
L .
L‘ (YTL [L
o
® FE/(L-"Cs) ]
f;. 0y 0:
= {m=/s]
-
N'.
0
t;f
R
¢

COMPFL
COMPMA

POR(I)

PMAX( L)

PMIN(L)

ANGLEX(1.)

RHOWO

DRWDU

DRWDU

URHOWO

URHOWO

ALMAX (L)
ALMIN (L)

ATAVG (L)
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fluid compressibility
solid matrix compressibility

volumetric porosity of solid matrix
at each node

maXximum component of permeability in
each element

minimum component of permeability in
each element

angle between kpyy and +x-axis in
each element

fluid base density

for energy transport: coefficient
of fluid densitv change with temp-
erature

for solute transport: coefficient
of fluid density change with concen-
tration

tor energy transport: base tempera-
ture for density calculation

for solute transport: base concen-
tration for density calculation

value of longitudinal dispersivity in
direction of kp,x in each element

value of longitudinal dispersivity in
direction of kgin in each element

value of transverse dispersivity in
cach element

for energv transport: fluid thermal
conductivity

molecular dif-
fluid

for solute
fusivity of

transport:
solute in
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RVDIM = (NNVJ)(NN) + (NEV+8)(NE) + (NBCN)3 (7.7 R

+ (NOBS+1)(NTOBS+2)2 + NTOBS + 5

~4
IMVDIM = (NE)8 + NN + (NPINCH)3 + NSOP + NSOU (7.8) o
+ (NBCN)2 + NOBS + NTOBS + 12 S
and -4
NN = number of nodes o
NE = number of elements :f
NBI = full band width of matrix A
NSOP = number of fluid source nodes
NSOU = number of solute or energy source nodes :‘ 
N
NPRC = number of specified pressure nodes _4
NUBC = number of specified U nodes S
NBCN = NPBC + NUBC o
NPINCH = number of pinch nodes ,!
NOBS = number of observation nodes
NTOBS = number of observat =n time steps (max)
NNV = number of vectors NN long = approx. 30 (fixed) g!
NEV = number of vectors NE long = approx. 10 (fixed) i?
q
=
The actual reiations and values are listed in the main routine and should be jg
[
checked there for the most recent SUTRA model version. These dimensions may .
be greater than but not less than the values given by the relations equivalent _
E' to (7.6), (7.7) and (7.8) in the main routine.
b .
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7.4 Input and Output Files

The SUTRA computer code requires three or four files to be assigned on th=

computer in order to run simulations. Two of these are inpur files and one or "?5;5
two of these are output files. }G
-a,ii
INPUT FILES: :
UNIT-5 A file must be assigned as fortran-unit-> which contains SUTRA input ..;ﬁ;i
tiata for UNIT-5., This file contains all of the data necessary for i 7:!
simulation except initial conditions.
[: UNIT-55 A file must be assigned as fortran-unit-55 which contains SUTRA input
data for UNIT-55. This file contains initial conditions of pressure ; “’i
E and concentration or temperature for the simulation to be done. ‘.%g;‘
; OUTPUT FILES: Xy
i UNIT-6 A file must be assigned as fortran-unit-6 on which printed outpur Tﬁff;
f nf the simulation will be placed. )
E UN1T-66 An optional output file must be assigned as fortran-unit-66 if :
the option to save the solution of the most recently completed time :ijfi

step for later restart is chosen in UNIT-5 when (ISTORE = ]). Data

| will be written to this file in a format equivalent to UNIT-55 data ¢i
so that this file mav later be used as UNIT-553. f,h‘ﬂ
! P
The data lists and formars for the input files are given in section 7.7, f:i}i
"SUTRA Input Data List." .-'?f:
e
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7.5 User-Supplied Programming

When SUTRA is used for simulation of asystems with unsaturated flow, then

the user must code the desired unsaturated flow functions in subroutine UNSAT.
When SUTRA simulation includes time-dependent boundary conditions or sources,
then the desired temporal variations must be coded by the user in subroutine
BCTIME.
Subroutine UNSAT

The general operation of this subroutine is described in section 5.7,
"Program Structure.”" Given a single value of pressure, UNSAT must provide val-
ues of S, (9S,/dp), and k. UNSAT consists of three sections. The user must
supply code in each of these sections. An example using the unsaturated flow
tunctions (2.8), (2.11), and (2.21la) and (2.21b) is given in the listing of
Subroutine UNSAT in APPENDIX A, "SUTRA Progrem Listing."

The first section requires specification of saturation, S, as a function
of pressure, p. The second section requires specification of the derivative of
saturation with respect to pressure, p, or saturation, S,. The third section

requires specification of the relative permeability, k as a function of

r
either saturation, S, or pressure, p. The pressure value which is passed to
UNSAT is the projected value, the most recent iterate or the newly obtained
solution. The values are either at Gauss points or at nodes.

Any convenient programming algorithm may be used to implement these functions

in UNSAT. Some possibilities are: wuse of explicit expressions, as in the example;

use of data statements; use of logical statements to give piecewise continuous




functions; or use of READ statements to input new data to the functions from either

UNIT-5 or a new data file. Sometimes functions with entry pressure or residual

gaturation require that functions used be switched when passing by these values. —
Logical statements which check S, or p values may be used to switch to other -};4
. >A.'. 3

functions or to constant values, as required. o &
]

-

Subroutine BCTIME K :
~ S |

The general operation of this subroutine is described in section 5.7, o)

"Program Structure." At the beginning of each time step, BCTIME must provide:
values of all specified time-varying pressure values and temperature or concen-
tration values of fluid inflow at these nodes; values of specified time-varying

temperature or concentration; values of specified time-varying fluid sources

3 JONRNE PR

(or sinks) and temperatures or concentrations of these flows if they are inflows;

and values of time of time-varying energy or solute mass sources (or sinks).

BCTIME consists of four sections, each dealing with one of the above types of
specification. The user must supply code in the section (or sections) of BCTIME
which specifies the particular type of time-varying boundary condition or source
desired.

The first section is used for specifying either time variation of pressure,
or time variation of the temperature or concentration of any fluid which enters
the system at a point of specified pressure, or both. The coding must be entered
within a loop which checks all NPBC specified pressure nodes for the time-variability
flag. This flag i1s a negative node number in the list of specified pressure nodes
IPBC(IP). The counter for the list is IP. When the loop finds that the 1pth
node number, IPBC(IP), is negative, then the actual node number is given by I =

-IPBC(IP). In this case, the user must supply code which specifies a value




appropriate for the current time step, for both PBC(IP), which is the specified
pressure for the 1pth specified pressure node (node I), and for UBC(IP), which

is the specified temperature or concentration of any inflow at the 1pth speci-

fied pressure node (node 1). The loop skips over the positive node numbers in

the list IPBC(IP).

The second section is used for specifying time variation of temperature or
concentraticn. The coding must be entered within a loop which checks all NUBC
specified temperature or concentration (U) nodes for the time-variability flag.
This flag is a negative node number in the list of specified U nodes, IUBC(IU).
The list begins in the (NPBC + 1)th element of IUBC as shown in the description
of subroutine BOUND in section 5.7, "Program Structure.”" The first NPBC elements
of IUBC are blank. The counter for the list is IU. If +he loop finds that the
1Uth node number, TUBC(NPBC + IU), is negative, then the actual node number is
given by I = -TUBC(NPBC + IU). 1In this case, the user must supply code which
specifies a value, appropriate for the current time step, for UBC(NPBC + IU),
which is the specified temperature or concentration for the ruth specified U
node (node 1). The loop skips over node numbers, IUBC(NPBC + IU), which are
positive.

The third section is used for specifying time variation of either fluid
sources (or sinks), temperature or concentration of inflowing fluid at sources,
or both. The coding must be entered within a loop which checks all NSOP fluid
source nodes for the time~variability flag. This flag is a negative node number
in the list of fluid source nodes, IQSOP(IQP). The counter for the list is IQP.
If the loop finds that the IQPth node number IQSOP(IQP), is negative, then
the actual node number is given by I = -IQSOP(IQP). 1In this case, the user must

supply code which specifies a value appropriate for the current time step, for
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both QIN(l), which is the specified fluid source for node I (the IQP'-h speci-
fied fluid source node), and for UIN(I), which is the temperature or concentra-
tion of inflowing fluid at node I. The loop skips over node numbers in the list, - ...J
IQSOP(IQP), which are positive.

The fourth section is used for specifying time variation of energv or

solute mass sources. The coding must be entered within a loop which checks all

NSOU specified energy or solute mass source nodes for the time-variability flag.

This flag is a negative node number in the list of specified energy or solute T

mass source nodes, IQSOU(IQU). The counter for the list is IQU. I[If the loop
finds that the IQUth node number, IQSOU(IQU), is negative, then the actual

node number is given by I = -IQSOU(IQU). In this case, the user must supply
code which specifies a value appropriate for the current time step, for QUIN(I),
which is the specified energy or solute mass source for node I (the IQuth
specified energy or solute mass source node). The loop skips over the positive
node numbers in the list, IQSOU(IQU).

The current time at the end of the present time step in seconds, TSEC, and
in other time units is available for use in specifying time variations. Any
convenient programming algorithm mav be used to implement the time-variations
in BCTIME. Some possibilities are: use of expressions as explicit functions of
time such as, for example, a sine function to represent tidal pressure variations;

use of data statements and new arravs explicitly dimensioned in BCTIME; use of

logical statements to give stepped or piecewise continuous functions; or use of

READ statements to input the time-varying values directly from SUTRA UNIT-5 or
a new data tile. If different functions or values are to be specified at various ) ®
nodes, then the user must also supply code to distinguish which functions applv _—

to which specitied node numbers.
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7.6 Modes and Options
O Simulation modes

SUTRA may simulate flow and transport in three temporal modes for either
- energy or solute transport. The modes are: (1) transient flow and transport,
(2) steady flow with transient transport, and (3) steady flow and steady trans-
port, where mode (1) is the most computationally expensive and mode (3), the
least expensive. Modes (2) and (3) are not applicable to all problems. The
classes of problems amenable to solution by each node is given below.

(1) Transient Flow and Transient Transport

Allows for simulation of ;ny physical problem which SUTRA deals
with: either saturated or unsaturated flow or both; variable
flutid density and viscosity; any sorption isotherm; energy or
solute transport.

(2) Steady-State Flow and Transient Transport

Allows for simulation of a restricted class of SUTRA problems:
saturated flow only; constant fluid density and viscosity; any

sorption isotherm; energy transport with only small variations

:_ in temperature, or solute transport. :{1
- (3) Steady-State Flow and Steady-State Transport ?f%
‘ Allows for simulation of the most restricted class of SUTRA prob- _‘ o
- =
S lems: saturated flow only; comstant fluid density and viscosity; %'::
- b
o linear sorption i1sotherm only; energy transport with only small ?‘ o
p.” _“ .-
k'. variations in temperature, or solute transport.
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These modes are specified in UNIT-5 input data by the values of ISSFLO,

ISSTRA, and SIMULA.

Output options

A number of output options are available which help to interpret SUTRA

simulation results. These are: (1) printer plots, (2) velocity output, (3)

budget output, and (4) observation node output.

some extra computations and should be used only when necessary, as the extra

calculations are done for each printed output.

AR L

(1) Printer Plots

Plots are available which are printed on each time step on which

there is output. The plot is a map of three-digit pressures,
temperatures or concentrations at the nodes which may be contoured

by hand for an initial view of simulation results. Either a pres-

sure plot or temperature (concentration) plot is output, or both on
each time step with output. The plot consists of three significant
figures of the pressure or temperature (or concentration) value at

each node printed approximately at the nodal location in a map scaled
to the printer paper. The map may be oriented either across the output
page for a small plot, or along the page for a large plot. A plot of
the locations of node numbers is provided with the input data print-out.
Unfortunately, when some nodes in the mesh are grouped closely relative
to the others, the printed three digits at clustered nodes may overlap

and obscure the values. This typically occurs near the center axis for

2473

The first three options require
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meshes in cylindrical coordinates. Use of the large plot may separate

the values but the plot size can become unwieldy. Computer graphics con-

touring must then be employed, and is clearly more convenient than hand-
contoured printer plots when available.

(2) Velocity Output

An output of fluid velocity is available, the information in which

may be used to plot velocity vectors everywhere in the simulated
spatial region with computer graphics software supplied by the user.
These velocities are calculated and output on each time step that a
pressure solution is output. One velocity is calculated in each

finite element, at the location of the element centroid, as described
in section 5.5, "Velocity Calculation for Output.” Velocity output
occurs in two groups of values: first, the magnitude of the velocity
vector at each element centroid, and second, the angle measured (with

a counter-clockwise positive value) from the positive x-axis to the
velocity vector direction. Note that velocity values are lagged one
time step if a non-iterative solution is used. (In this case, they are
calculated not with the new pressure solution, but with the solution of
the previous time step and with fluid density values of the step before
that. This keeps the velocity calculations consistent in time.) This
option is controlled by UNIT-5 parameter, KVEL.

(3) Budget Output

A fluid mass and energy or solute mass budget output is available as
an aid in tracking the simulated behavior of a system. The budget is
not a check on numerical accuracy of the model as the calculations

involved in determining the budget are less accurate than the calcula-
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tions used to carry out the SUTRA simulation. The budget 1s output on
each time step with printer output, and tallies total system changes in
fluid mass, and energy or solute mass for the time step. Besides the
totals of these quantities for the entire simulated region, the budget
lists time step total gains or losses in these quantities at each spec-
ified pressure node, fluid source node, and energy or solute mass source
node in the mesh. More information about the budget calculations is
given 1n section 5.6, "Budget Calculations." The option is controlled
by UNIT=-5 parameter, KBUDG.

(4) Observation Node Output
An observation node output is available which observes pressure and
temperature or concentration at particular nodes in the system during
the simulation, and outputs the observations in table form after the
last time step of the simulation has been completed. For each observed
node, the table consists of three columns of numbers: the time of the
observation, the observed pressure value, and the observed temperature
or concentration value. Any number of observation nodes (NOBS) may be

chosen, and observations may be requested every NOBCYC time steps.
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7.7 SUTRA Input Data List

List of Input Data for UNIT 5

Model Series: SUTRA
Model Version: : V1284-2D

Note that three arrays in the main routine of the code need to be
dimensioned. The procedure for choosing dimensions is listed in the
main routine itself, near the place where the dimensions need be
specitied.

DATASET 1: Tnput Data Heading (one card)

Variable Format Description

SIMULA 2A6 For energy transport simulation, write
"SUTRA ENERGY TRANSPORT".
For solute transport simulation, write
"SUTRA SOLUTE TRANSPORT".

The rest of the card is not used by SUTRA and
may either be left blank or may be used to note
an additional label for this UNIT 5 data list.
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DATASET 2: Output Heading

Variable Format

TITLE} 80A1l

TITLE2 80A1

WU TN T TR T mw o N e T . R

(two cards)
Description
First line of a heading for the input data
set.
Second line of heading for the input data
set.
These two lines are printed as a heading
on SUTRA output.
L.
PRt
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DATASET 3: Simulation Control Numbers (one card)

Variable

NN

NE

NBI

NPINCH

NPBC

NUBC

NSOP

NSOU

NOBS

NTOBS

I5

I5

I5

15

I5

IS5

I5

15

I5

Description

Exact number of nodes in finite element
mesh.

Exact number of elements in finite element
mesh.

Full bandwidth of global banded matrix. NBI

is equal to one plus twice maximum difference
in node numbers in the element containing the
largest node number difference in the mesh.

This number is critical to computational
efficiency, and should be minimized by

careful numbering of the nodes (see Figure 7.1).
Setting NBI too small causes SUTRA to automa-
tically print out the correct value and stop.

Exact number of pinch nodes in the finite
element mesh.

Exact number of nodes at which pressure is a
specified constant value or function of time.

Exact number of nodes at which temperature or
concentration is a specified constant value or
function of time.

Exact number of nodes at which a fluid
source/sink is a specified constant value
or function of time.

Exact number of nodes at which an energy or
solute mass source/sink is a specified constant
value or function of time.

Exact number of nodes at which observations will
be made. Set to zero for no observations.

Maximum number of time steps on which observations
will be made. This depends on both the number of
time steps in the simulation (DATASET 6), and on
the frequency of observations (DATASET 21). NTOBS
may be set to a value greater than that needed.
Set to zero for no observations.
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Minimization of band width by careful numbering of nodes.
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DATASET 15B:

Variable

PMAX(L)

PMIN(L)

ANGLEX(L)

ALMAX(L)

ALMIN(L)

ATAVG(L)

- At e Sl Rt i
T ——r A At Nt -

Elementwise Data (one card for each of NE elements)

Format

110

G10.0

G10.0

G10.0

G10.0

Description

Number of element to which data on this
card refers.

Scaled maximum permeability value of
element L, Kkpgax(L). [L2)

Scaled minimum permeability value of
element L, kpin(L). (L2}

Isotropic permeability requires:
PMIN(L)=PMAX(L).

Angle measured in counterclockwise direction
from +x-direction to maximum permeability
direction in element L, ;. [V]

Arbitrary when both PMIN(L)=PMAX(L), and
ALMAX(L) = ALMIN(L).

Scaled longitudinal dispersivity value of
element L in the direction of maximum
permeability PMAX(L), appax(L). (L]
Scaled longitudinal dispersivity value of
element I, in the direction of minimum

permeability PMIN(L), appminf{L). (L]

Scaled average transverse dispersivity value
of element L, ap(L). (L]
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DATASET 15A: Scale Factors for Elementwise Data (one card)

Variable Format Description

10X In the tirst ten columns of this card
write "ELEMENT ", leaving three
columns blank.

PMAXFA Gl0.0 The scaled maximum permeability values
of elements in DATASET 15B are multiplied
bv PMAXFA in SUTRA. May be used to
convert units or to aid in assignment of
maximum permeability values in elements.

PMINFA G10.0 The scaled minimum permeability values
of elements in DATASET 15B are multiplied
by PMINFA in SUTRA. May be used to convert
units or to aid assignment of minimum -«
permeability values in elements.

ANGFAC GLO.0 The scaled angles between the maximum
permeability direction and the x-axis
of elements in DATASET 15B are multi-
plied by ANGFAC in SUTRA. Mayv be used
to easilv assign a unitorm direction
of anisotropyv by setting ANGFAC= angle,
and all ANGLEX(L)=1.0 in DATASET 15B.

AlMAXF G1o.0 The scaled maximum longitudinal dis-
persivities of elements in DATASET 15B
are multiplied by ALMAXF in SUTRA. Mayv
be used to convert units or to aid in
assignment of dispersivities.

ALMINF Glo.o The scaled minimum longitudinal dis- —
persivities of elements in DATASET 15B Tl
are multiplied by ALMINF in SUTRA. May
be used to convert units or to aid in .f-;

assignment of dispersivities.
ATAVGF Glo.0 The scaled average transverse disper-
sivifties ot elements in DATASET I5B are
multiplied bv ATAVGF in SUTRA. Mav be
used to convert units or to aid in 4
assignment of dispersivitv.
4
°
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DATASET 14B:
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Nodewise Data (one card for each of NN nodes)

Variable Format Description _
_o{
1T 15 Number of node to which data on this card ) u
refers, 1. S
o
X(II) G10.0 Scaled x-coordinate of node IT, xj. {L]} “:i
_-A'.a.
Y(IT) ¢l10.0 Scaled v-coordinate of node II, y;. [L] rg.J
THICK(TT) G10.0 Scaled thickness of mesh at node II. [L)
In order to simulate radial cross-sections, L
set THICK(TII) = (Zn)(radiusj), where 1
radiusy is the radial distance from the
vertical center axis to node 1i.
POR(ID) ¢10.0 Scaled porosity value at node II, ¢4. [1]
L
:B
Sy
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DATASET 14A: Scale Factor for Nodewise Data (one card) -;5311
"

Variable Format Description sy

5X In the first tive columns of this card S

write "NODE ", leaving one column blank.

SCALX G10.0 The scaled x-coordinates of nodes in :
DATASET 14B are multiplied by SCALX in SUTRA. -
May be used to change from map to field ‘ -4
scales, or from English to SI units. A value RRRE
of 1.0 gives no scaling. -, f,j
. o~
SCALY Gi10.0 The scaled yv-coordinates of nodes in :9:: )
DATASET 14B are multiplied by SCALY in SUTRA. aiaatoy

May be used to change from map to field
scales, or from English to SI units. A
value of 1.0 gives no scaling.

SCALTH G10.0 The scaled element (mesh) thicknesses at S
nodes in DATASET 14B are multiplied by SCALTH iy
in SUTKA. May be used to easily change : —!¥
entire mesh thickness or to convert English " 4
to SI units. A value of 1.0 gives no scaling. ,:;';f

PORFAC Glo.0 The scaled nodewise porosities of DATASET 14B

are multiplied by PORFAC in SUTRA. May

be used to easily assign a constant porosity
value to all nodes by setting PORFAC=porosity,
and all POR(IT)=1.0 in DATASET 14B.
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i DATASET [3: Orientation of Coordinates to Gravity (one card)
! Variable Format Description
\
) GRAVX G10.0 Component of gravity vector in
+x direction. [LZ/s]
‘ GRAVX = ={g| (JELEVATION/dx),
- where |g| is the total accel-
i’ eration due to gravity in [LZ/s].
T GRAVY G10.0 Component of gravity vector 1in
- +y direction. (L2/s}
N GRAVY = -|g| (JELEVATION/3y),
N where |g| is the total accel-

.- - e - PO - L e s . .. . . . L
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eration due to gravity in {L2/s}.
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DATASET 12: Production of Energy or Solute Mass (one card)
i Variable Format Description

PRODFO G10.0 Zero~-order rate of production in the fluid
yy. {(E/M)/s| for energy production,
{(Mg/M)/s| for solute mass production.

i PRODSO G10.0 Zero-order rate of production in the immobile
. phase, v3. [(E/Mg)/s| for energy
production, {(Mg/Mg)/s| for adsorbate mass
production.

the fluid, 7?. ls-l]

Leave blank for energy transport.

. PRODF1 Gl10.0 First-order rate of solute mass production in

PRODS1 Gl10.0 First-order rate of adsorbat? mass production in
3 z
the immobile phase, v, . [s |
Leave blank for energy transport.
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DATASET 1i: Adsorption Parameters (one card)

Variable Format
ADSMOD AlLO
CHI | G10.0
CHI2 G10.0

. o : -, Tt
RO T

For no sorption or for energy trans-

r [= A
port simulation write "NONE" beginning in
column one, and leave rest of card blank.

For linear sorption model, write
"LINEAR" beginning in column one.

For Freundlich sorption model write
"FREUNDLICH" beginning in column one.

For Langmuir sorption model write
"LANGMUIR" beginning in column one.

Value of linear, Freundlich or
Langmuir distribution coefficient,
depending on sorption model chosen
as ADSMOD. Xy. |L3/Mgl.

Value of Freundlich or Langmuir
coetfficient, depending on sorption
model chosen as ADSMOD.

Leave blank for linear sorption.
X9. J11 for Freundlich.

\L%/MS\ for Langmuir.
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DATASET 10: Solid Matrix Properties (one card)

Lot an a2 S8 4
s e e T
A

% Variable Format Description

é; COMPMA Gl10.0 Solid matrix compressibility, oa=(l-¢)~! de/dp.

¥ [(M/(L-s2))~]

cs G10.0 Solid grain specific heat, cg. [E/(M-“C)]

(May be left blank for solute transport
simulation.)

N SIGMAS G10.0 Solid grain diffusivity, og.

Y For energy transport represents thermal

A conductivity of a solid grain. [E/(L-“C-s)]

' (May be left blank for solute transport

R simulation.)

h

. RHOS Gl10.0 Density of a solid grain, pg. (M/L3)

g

b
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Variable

COMPFL

Cw

SIGMAW

RHOWQ

URHOW®

DRWDU

VISCO

—vrTry
\ S

"

t

]
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Format

G10.0

G10.0

G10.0

G10.0

G10.0

G10.0

G10.0

BT A 20/ e e S S PR~ i i e, Wi i e N SINA TR

- DATASET 9: Fluid Properties (one card}

Description

Filuid compressibility, 8=(1/p)(dp/dp).
IM/(L-s2)1~l., Note., specific pressure
storativity is: Sop = (l-€)a + €B

Fluid specific heat, c,. |E/(M-"C)]
{May be left blank for solute transport
simulation.)

Fluid diffusivity, o.

For energy transport represents fluid
thermal conductivity, (E/(L-“C-s){.

For solute transport represents molecular
diffusivity of solute in pure fluid.
1L2/s1.

Density of fluid at base concentration or
temperature. |M/L31.

Base value of solute concentration (as mass

fraction) or temperature of fluid at which
base fluid density, RHOWQ is specified.
IMg /M| or |C}.

Fluid coefficient of density change with
concentration (fraction) or temperature:
p = RHOWY + DRWDU (U~-URHOWQ).
(M/(L3:Mg) | or IM/(L3-¥C) |

For solute transport: fluid viscosity, u,
IM/L-s|. For energy transport. this value
is a scale factor. It multiplies the vis-
cosity which is calculated internally in
units of tkg/m-si. VISC® may be used for
energy transport to convert units of
lkg/mes] to desired units of viscosity.
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DATASET 8: Iteration Controls (one card)

Variable Format Description

TTRMAX 110 Maximum number of iterations allowed per
time step to resolve non-linearities.
Set to a value of +1 for non-iterative

solution. Non-iterative solution may

be used for saturated aquifers when density
variability of the fluid is small, or for
unsaturated aguifers when time steps are chosen
to be small

RPMAX G10.0 Absolute iteration convergence criterion
for pressure solution. Pressure solution
has converged when largest pressure change
from the previous iteration's solution of
any node in mesh is less then RPMAX. May
be left blank for non-iterative solution.

RUMAX G10.0 Absolute iteration convergence criterion
for transport solution. Transport solution
has ronverged when largest concentration
on temperature change from the previous
{teration's solution of any node in mesh
1s less than RUMAX. May be left blank
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DATASET 7: Output Controls and Options {(one card)

Variable

NPRINT

KNODAL

KELMNT

KINCID

KPLOTP

KPLOTU

KVEIL

KBUDG

L".'A e T AP

Format

I5

IS5

15

15

I5

I5

15

15

Description

Printed output is produced on
numbered: n(NPRINT), as well
and last time step.

A value of 0O cancels printout
coordinates, nodewise element

time steps
as on first

ot node
thicknesses,

and nodewise porosities. Set to +! for
full printout.

A value of () cancels printout of element-
wise permeabilities and elementwise dis-
persivities.

Set to +1 for full printout.

A value of 0 cancels printout of node
incidences and pinch node incidences in
elements. Set to +1 for full printout.

Set to a value of +1 for contourable
printer plot of pressures at all nodes
in mesh. Set to (0 to cancel pressure
plot.

Set to a value of +]1 for contourable
printer plot of concentrations or
temperatures at all nodes in mesh.
Set to O to cancel plot.

Set to a value of +1 to calculate and

print fluid velocities at element centroids
each time printed output is produced. Note
that for non-steady state flow, velocities
are hased on results and pressures of the
previous time step or iteration and not on
the newest values.

Ser to 0 to cancel option.

Set to a value of +1 to calculate and print
a fluid mass budget and energy or solute
mass budget each time printed output is
produced.

A value of 0 cancels the option.
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DATASET 6:

PO W Wy SO

Temporal Control and Solution Cyrling Data (one card)

Variable Format
ITMAX 15
DELT Gi5.0
TMAX G15.0
ITCYC 110
DTMULT Gl10.0
DTMAX G15.0
NPCYC I5
NUCYC I5

Description

Maximum allowed number of time steps in
simulation.

Duration of initial time step. {s]
Maximum allowed simulation time. s}/

SUTRA time units are always in seconds.
Other time measures are related as follows:

{min} = 60. [s]

th) = 60. |min]
1d) = 24, {h|
fweek] = 7. |[d}

{mo | = 30.4375 {d}
lyr) = 365.250 |[d]

Number of time steps in time step change
cycle. A new time step size is begun at
time steps numbered: 1+ n (ITCYC).

Multiplier for time step change cycle.
New time step size is: (DELT)(DTMULT).

Maximum allowed size of time step when using
time step multiplier. Time step size is not
allowed to increase above this value.

Number of time steps in pressure
solution cycle. Pressure is solved
on time steps numbered: n(NPCYC),
as well as on initial time step.

Either

NPCYC or
Number of time step in temperature/ NUCYC
concentration solution cycle. must be
Transport equation is solved on set to 1.

time steps numbered: n(NUCYC) as
well as on initial time step.
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DATASET 5: Numerical Control Parameters (one card)

Variable

Up

GNU

Format

G10.0

G15.0

Description

Fractional upstream weight for
stabilization of oscillations in results
due to highly advective transport or
unsaturated flow. UP may be given

any value from 0.0 to +1.0. UP = 0.0
implies no upstream weighting (Galerkin
method). UP = 0.5 implies 50% upstream
weighting. UP = 1.0 implies full (100%)
upstream weighting. Recommended value
is zero.

Warning: upstream weighting increases the
local effective longitudinal dispersivity
of the simulation by approximately
(UP-(AL)/2) where AL is the local distance
between element sides along the direction
of flow. Note that the amount of this in-
crease varies from place to place depending
on flow direction and element size. Thus a
non-zero value for UP actually changes the
value of longitudinal dispersivity used by
the simulation, and also broadens otherwise
sharp saturation fronts.

Pressure boundary condition, 'conductance'.
A high value causes SUTRA simulated pressure
and specified pressure values at specified
pressure nodes to be equal in all signifi-
cant figures. A low value causes simulated
pressures to deviate significantly from
specified values. The ideal value of

GNU causes simulated and specified pres-
sures to match in the largest six or seven
significant figures only, and deviate in
the rest. Trial-and-error is required to
determine an ideal GNU value for a given
simulation by comparing specified pressures
with those calculated at the appropriate
nodes for different values of GNU. An
initial guess of 0.0l is suggested.
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DATASET 4:

NP

Ty Ve
-

Ariars aEnak sarass

Format

I5

I5

15

I5

I5

BB B Bt B

Simulation Mode Options (one card)

Description

Set to +1 to allow simulation of unsaturated and
saturated flow. Set to 0 to allow simulation of
only saturated flow. When unsaturated flow is
allowed (IUNSAT = 1) then the unsaturated flow
functions must be programmed by the user in
Subroutine UNSAT.

Set to O for simulation with TRANSIENT

groundwater flow. Set to +1 for simulation
with STEADY-STATE groundwater flow. If
fluid density is to change with time, then
TRANSIENT flow must be selected.

Set to O for simulation with TRANSIENT solute or
energy transport. Set to +l1 for simulatiomr of
STEADY~-STATE transport. Note that steady-state
transport requires a steady-state flow field.
So, if ISSTRA = +1, then, also set ISSFLO = +1

To read initial condition data (UNIT 55)

for cold start (first time step of a
simulation), set to +l. To read initial
condition data (UNIT 55) for simulation
restart (to read data which has previously
been stored by SUTRA on UNIT 66), set to ~1.

To store results of most recently completed

time step on UNIT 66 for later use as initial
conditions on a restart, set to + 1. To cancel
storage, set to 0. This option is recommended

as a backup for storage of results of intermediate
time steps during long simulations. Should the
execution halt unexpectedly, it may be restarted
with initial conditions consisting of results of
the last successfully completed time step stored
on UNIT 66.
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DATASET 16: Data for Printer Plot (Two or three cards when plot has been

N

- v v
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v

requested by DATASET 7)

O M T T when no plot is requested

Variable Format
Card 1:

IDIREC 15
NLINP1 15
NCHAPIT 15
NCHAPI. | )
Card ”: (include this

PBASE

e e e

Description

(always required when plot is requested)

in DATASET 7

G13.0

)

e te .
PR

card

PUAP ST WA T Oy T P PR

Chooses plot direction:

Set to -1 for small plot which fits across
the output page.

Set to +1 for larger plot which is oriented
along the output page.

Number of printer lines per inch.

Number of printer characters per inch.

Number of printer characters per output line.
The plotting routine prints three digits

of the nodal value to be plotted at the (x,y)
location of the node on a map of the mesh which
the routine constructs.
necessarily the first three digits of the value
to be plotted, but are always one digit to the
left and two digits to the right of the decimal
point. Thus, if the value to be plotted is
1234.567, then the digits 456, are printed

at the nodal location on the output.

only when pressure plots are requested

Value for scaling plotted pressures.

The pressure value to be plotted, ppioT,

is calculated by SUTRA as

ppjoT = (true pressure p;/PBASE)

PBASF should be used to scale out powers of
ten and to shifr the scaled digits of interest
to the position of the three plotted digits.
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Variable Format Description

Card 3: (include this card only when temperature or concentration
plots are requested in DATASET 7)

BASF G13.0 Value for scaling plotted temperature
or roncentration values.

The value to be plotted Vpigy, i.
calculated by SUTRA as:

Upjor= (true value lJ;/UBASE). Ffor
example, UBASE may he set to one-tenth
of the highest source concentration in
the systrem; then fractional concentra-
tions relative to the highest concen-
tration are plotted with digits ranging
trom 000 to 999 whirh represents a rel-
ative concentration of [.000 (~0.999).
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tor Fluid sSource and Sinks {(one card for each of NSOP tluid

no fluid source nodes

source nodes as specitied in
DATASET 3, plus one blank card)

bescription

Numher of node to which sfource/sink data on

this card refers. :
specitving the node number with a negative

sign indicates to SUTKA that the source flow

rate or concentration or temperature of the

source fluid varv in a specitied manner with

time. informartion rvecarding a time-dependent

gource node must be programmed by the user in

Subroutine BCTIME, and should nnt be included !
on this card.

Fluid source (or sink) which is a specified

constant value at node [OUP, Qpy. iM/s £
A posirive value is 1 source of fluid to the &
aquiter. Leave blank if this value is specified

1s time-dependent in Subroutine BCTIME.

vyourres are aileocated by cell as shown in

Figure 7.2 for equal-sized elements. For

unequal-sized elements, sources are allocared

in proportion to the celi lengrth, area or volume

over which the source tluid enters the svsrvem,

Temperiture or solute conrentriatrion (mass
trycriony of tluid enterine the aquiter
wvhich is a specitied constant value for a
tinin source ar node [aChk, Ujy. 17CH or
MMy

Leave blank if this vilue is specified as
time=dopendent in subrounr ine BOTIME.

Pipeed dmmediate iy toliowvine il Noob

tinvd cource node cards,
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DATASET 18: Data for Energy or Solute Mass Sources and Sinks

N (one card for each NSOU energy or

: solute source nodes as specified in
DATASET 3, plus one blank rcard)

. UM I T when there are no energy or solute source nodes

b

‘l Variable Format Description

3

4 1QCU 110 Number of node to which source/sink data on this

card refers.

Specifying the node number with a negative

sign indicates to SUTRA that the source rate
varies in a specified manner with time. All
information regarding a time-dependent source
node must be programmed by the user in
Subroutine BCTIME., and a value should not be
included in this card.

Sources are allocated by cell as shown in Figure
7.2 for equal-sized elements. JYor unequal-sized
elements, sources are allocated in proportion to
the cell length, area or volume over which the
source energy or solute mass enters the system.

QUINC :15.0 Source (or sink) which is a specified constant .
value at node 1QCU, ¥pyn. [E/s| for energy B
transport, [Mg/s| for solute transport. A
positive value is a source to the aquifer.
Leave blank if 1GCU is negative, and this value
is specified as time-dependent in Subroutine
BCT I ME.

Last card:

. BLANKN CARD Placed immediately following all NGOU
energy or solute mass source node cards.

YT

.
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DATASET 149: Data for Specified Pressure Nodes (one card for each of NPBC .
R specified pressure nodes as -
o indicated in DATASET 3, plus L
‘ one blank card) ]
X ]|
9 =2
OM I T when there are no specitfied pressure nodes o
Variable Format Description ne
1) ,fi?
]
Cards | to NPBC: 3
. IPBC 15 Number of node to which specified pressure ija
data on this card refers. - "l

Specifying the node number with a negative
sign indicates to SUTRA that the specified
pressure value or inflow concentratien or
temperature at this node vary in a speci- B

® fied manner with time. Information re- ?Qﬂ

’ garding a time-dependent specified pressure J
node must be programmed by the user in ]
Subroutine BCTIME, and should not be included 1
on this card.

PBC G20.0 Pressure value which is a specified con- ‘@
stant at node IPBC. |IM/(L-sZ)]| S
Leave blank if this value is specified as
time~dependent in Subroutine BCTIME.

UBC G20.0 Temperature or solute concentration of
) any external fluid which enters the
aquitfer at node IPBC. UBC is a specified
constant value. |[7Cl or [Mg/MI|
Leave blank it this value is specified as
time~-dependent in Subroutine BCTIME.

"\ Last card:

; BLANK CARD Placed immediately following all NPBC {x&
. specitfied pressure cards. D
. i
® ®
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- DATASET 20: Data for Specified Concentration or Temperature Nodes

3 (one card for each of NUBC

o specified concentration or

i temperature nodes indicated in
5 DATASET 3, plus one blank

: card)

O M I T when there are no specified concentration or temperature nodes

; Variable Format Description

h Cards 1 to NUBC:

2 1URC I5 Number of node to which specified concentration
-

or temperature data on this card refers.
Specifying the node number with a negative
sign indicates to SUTRA that the specified
value at this node varies in a specified
' manner with time. This time-dependence must
BCTIMI., and a value should not be included on
this card.

UBC G20.0 Temperature or solute concentration value
which is a specified constant at node IUBC.
[“C] or [Mg/M]
leave blank if TUBC is negative and this value
is specified as time-dependent in Subroutine
BCTIME.

Last card:

BLANK CARD Placed immediately following all NUBC
specified temperature or concentration cards.

L 200 2 e i = TS Hiet s
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Variable Format
Card 1:
NOBCYC 110

Cards 2 to (NOBS+16)/16

INOB 1615

DATASET 21: Observation Node Data (one card plus one card for each

(NOBS+16)/16 (integer arithmetic)
observation nodes as specified in

DATASET 3)

OM T T when there are no observation nodes

Description

Observations of pressure and temp-
erature or concentration will be
made at all observation nodes
specified below every NOBCYC time

steps.

Node numbers of observation nodes.
(Sixteen nodes per card.)

Enter a value of zero as an extra
observation node number following
the last real observation node in

order to indicate
there are no more
This will require
there is an exact

observation nodes.

272

to SUTRA that
observation nodes.
one extra card if
multiple of 16




DATASET 22: Element Incidence and Pinch Node Data (one or two cards for
each of NE elements)

| Variable Format Description

Card A: (always required for each element)
LL 16 Number of element to which data on this card
(and the optional next card) refers.

' [f pinch nodes exist in element LL, then the

element number must be specified with a
minus sign.

NODE INCIDENCE LI1ST

N NG
TINCL) 16 Number of node | List of corner node
numbers in element LL,
TIN(2) 16 Number of node 2 beginning at any node,
but taken in an order
IIN(3) I6 Number of node 3 counterclockwise about
the element.
. IIN(4) 16 Number of node &
/

Card B: (OPTIUNAL) - is required immediately following Card A
only when LL is negative, O M I T when LL
is positive)

PINCH-NODE INCIDENCE LIST
ODE_INCIDENCE LIST

N A

TEDGE( 1} 16 Node number of | TIN(1) and IIN(2)

TEDGE(2) 16 pinch node at TIN(2) and TIN(3)

TEDGE( 3) Ié6 mid-point of 1 TIN(3) and IIN(4)

IEDGE(4) 16 edge between TIN(4) and TIN(1)
/ \

nodes:
A blank in the list of pinch node

numbers indicates that no pinch node exists
on that particular edge element LL.

End of Tnput Data List for UNIT 5
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List of Input Data tor UNIT 55

: Model Series: SUTRA
, Model Version: V1284-2D

The data in UNIT 55 need be created by the user only for Cold-Starts of SUTRA
simulation (i.e.: for the first time step of a given simulation).

4

The Restart options are controlled by IREAD and ISTORE in DATASET 4 of UNIT 5
data. SUTRA will optionally store final results of a simulation in a form
directly useable as UNIT 55 for later restarts.

DATASET 1: Simulation Starting Time (one card)

Variable Format Description
» TSTART G20.0 Elapsed time at which the initial conditions
) for simulation specified in UNIT 55 are

given. [s])

This sets the simulation clock starting
time. Usually set to a value of zero for
Cold-Start.

PREvioys
PAG
'S BLANK &
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DATASET 2: Initial Pressure Values at Nodes

Requires (NN + 3)/4 cards. (Done by integer arithmetic.) LLQJ
e
Variable Format Description
PVEC(11) 4G20.0 Initial (starting) pressure values at time,

TSTART, at each of NN nodes. [M/(L-s2))

Four values per card, in exact order of node
numbers. These values are arbitrary and may be
left blank 1f the steady-state flow option in
DATASET 4 of UNIT 5 has been chosen. Initial
hydrostatic or natural pressures in a cross-
section may be obtained by running a single
steady-flow time step with the store option.
Then the natural pressures are calculated and
stored on UNIT 66, and may be copied to the Cold-
Start UNIT 55 file without change in format, as
initial conditions for a transient run.
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DATASET 3: Initial Temperature or Concentration Values at Nodes -

Requires (NN+3)/4 cards. (Done by integer arithmetic.) -
i
Y
Variable Format Description ]
UVEC(IT) 4G20.0 Initial (starting) temperature or solute
concentration (mass fraction) values at
time, TSTART, at each of NN nodes. ]
{“C) or [Mg/M]) .r
Four values per card, in exact order of o
node numbers. co ]

End of [nput Data List for UNIT 55
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Appendix A

Nomenclature

Generic Units

(1)
(E]

[Ms)

Units

{“cl
{em)
(d]
fgr}
(h]
(J)
[kg}
[1bm]
{m]
[min]
{mo)

[s]

unity - implies dimensionless or [L]
energy units or (M-L2/82]

length units

fluid volume

solid grain volume

fluid mass units

solid grain mass units

solute mass units

degrees Celcius
centimeters
days

grams

hours

Joules or [kg'mzls2
kilograms mass
pounds mass
meters

minutes

months

seconds
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Special Notation

v a¥

3t °F 4t

v =i veti vy + k v,
V¥ = § 2% + i %% + k Q%
Vv = %ﬁx + %gy + %%z

i=1,NN=1,2,3,4,....,NN

A3

jvi
¥ or €

AY

BC

Ti or ¥

288

P T P T W

time derivative of ¥

vector v with components in
i, j, and k directions

gradient of scale ¥
divergence of vector v

index i takes on all integer
values between one and NN

absolute value of scalar ¥
magnitude of vector v

approximate or discretized value
of ¥

discrete change in value of ¥
(e.g : AY = ?1 - 92)

initial condition or zeroth
value of ¥

value of ¥ as specified at a
boundary condition node

value of ¥ at node or cell
iorj

value of ¥ in inflow

value of ¥ at the KGth
point

Gauss

value of ¥ in element L

value of a vector v along
a stream line

value of a vector v in x
direction

value of a vector v in y
direction
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wn+l

*
?(n+l)

NN v
151 lI’Tl = l+

Sreek Lowercase

o

aL(x.y,t)

“Lmax(x’y)

U Lmint XY

aT(x,y)

B

S
7o(x.y,t)

?2+ ?3+

(2.17)

(2.40b)
(2.41)

(2.42b)

(2.42b)

(2.40b)

(2.15)

(2.25)

NN

iM/(L-s2))"}
(L]

fL)

(L)

(L}

[M/(L-sz)l—]

E/M,s)
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value of a vector v in the £
direction

value of a vector v in the n
direction

value of ¥ in element L
value of ¥ at time step n
value of ¥ at time step n+l

value of ¥ evaluated at
previous time step on first
iteration, and at most recent
iteration on subsequent
iterations

value of ¥ projected from
previous time steps on first
iteration

consistently evaluated velocity

consistently evaluated density-
gravity term

summation

Porous matrix compressibility

Longitudinal dispersivity of
solid matrix

Longitudinal dispersivity in
the maximum permeability
direction, xp

Longitudinal dispersivity in
the minimum permea%ility

direction, x
m

Transverse dispersivity of
solid matrix

Fluid compressibility

Energy source in solid
grains




Pk e it i Sndh. St S AT B S A B0 Hile A0 S G C L A N

-]

v, {2.37b) [(Ms/M)/s] Zero-order adsorbate mass
e production rate
u 7:(x,y,t) (2.25) [(E/M-s] Energy source in fluid
f:4 7: (2.370) {(MS/M)/s] Zero-order solute mass
- production rate
:f Yf (2.37b) [s-lj First-order mass production
ﬁ rate of adsorbate
:”; 77 (2.37b) [s-lj First order mass production
rate of solute
:2; Gij (4.65a) Kronecker delta
. e(x,v,t) (2.6) (1] Porosity
n (4.3) n local coordinate . ;
NN
rl(C,C ) (2.32b) [M/M ] First general sorption e
. s G . RIRI
. coefficient -_#
v g
¥, (C,C ) (2.32b) IM/M_+s] Second general sorption S
2 s G e
coefficient o
r3(C,C ) (2.32b) M /M _ +s] Third general sorption b
s s G o
coefficient R
| e
A(x,y,.t) (2.25) [E/(s-L-°C})] Bulk thermal conductivity oy
. of solid matrix plus fluid R
Y
L4
o A, (2.26) [E/(s:L-*C)) Solid thermal conductivity e
o (about Xs ~ 0.6 [J/(s*m-"C)] 'j“j
at ZOGC) -.-..
J_ oot
A, (2.26) [E/f(s-L-*C)] Fluid thermal conductivity T
- {about Xw ~ 0.6 {J/(s*m-°C)] o
at 20°C) D
u (2.5),(2.6) Fluid viscosit !
’ y ..
v (4.51) Pressure~based conductance ‘7Fﬁ
i , T
for specified pressure in R
cell i ol
» v (4.138) Conductance for specified ;:
P pressure nodes e
"
- =
-
[ @
T
L o
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£ (4.1) £ local coordinate

0 (2.4) lM/Lzl Base fluid density at
° C=C_ or T=T
) o
p(x,y.t) (2.1) lM/L?I Fluid density .FIiﬁ
3,3 . . ]
LN (2.24) \MG/LG| Density of solid grains S
(2.30) in solid matrix ;-~i£
o' (2.17) IM/(L-sz)l Integranular stress -
e
o (2.47) Diffusion in solid phase in R
s oy X L
unified transport equation P

o, (2.47) Diffusion in fluid phase in
unified transport equation

8(x,vy) (2.21a) 121 Angle from +x-coordinate
axis to direction of
maximum permeability, xp

okv(x,y,t) (2.42b) [ Angle from maximum permea-
i bility direction, x_to
local flow directioR, (viiv|)
¢1 (3.4) Symmetric bi-linear basis
- function in global coordinates
at node i
X (2.34b) |L3/M | Linear distribution
1 £'7°6 .
coefficient
X (2.35b) lL3/M I A Freundlich distribution
1 f°°G .
coefficient
X (2.36b) |L3/M { A Langmuir distribution
1 £°G -
coefficient
X, (2.36b) le/Msl Langmuir coefficient
X4 (2.35b) j1} Freundlich coefficient y
wIN (4.75) Energy source |E/s| or ;
i solute mass source IMS/M~sl RS
at node i PS
L
P (4.75) Sink of energy or solute T
OuT, -]
i mass at node i O
=
o, (4.43) Asymmetric weighting 5}f;
function in global '371
coordinates at node i - "=
R
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Greek Uppercase

r (3.20) External boundary of
simulated region

Fs(x.y,t) (2.30) lMs/MG-sl Adsorbate mass source (per
unit solid matrix mass)
due to production
reactions within adsorbed
material itself

Fw(x,y.t) (2.30) IMS/M-SI Solute mass source in fluid
{per unit fluid mass) due to
production reactions

At (7.1) s Length of time step

ALL (7.4) Distance between sides of )
element L along stream line

ALy (7.5) Distance between sides of o

element L perpendicular to

stream line __.1
.":-‘..‘
A

Atn (3.33) Time step n
At (3.29) Time step n+l i;f;
‘e
H, (4.3) One-dimensional basis )
function in n direction lfj
H_ (4.3) One-dimensional basis o
function in n direction o
x -~
H (4.18) Asymmetric portion of n <]
weighting function N
6. (4.13) Asymmetric weighting T
function at node i PRI
.
=z (4.2) One-dimensional basis )
+ e
function in £ direction RO
E_ (4.1) One-dimensional basis o
function in & direction L d

5%
;

[83]

(4.17) Asymmetric portion of &
weighting function

o
°
~
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T(x.y,t) (2.22) {M/(L3-s)] Solute mass source (e.g.,
dissolution of solid
matrix or desoprtion)

Q (4.8) Bi-linear symmetric basis
function at node 1

Roman Lowercase

a (4.23) Asymmetric weighting
function coefficient

c(x,v,t) (2.1) [MS/LS] Solute volumetric concen-
tration (mass solute per
volume total fluid)

c (2.27b) [E/(MG-”C)] Solid grain specificzheat
(about ¢~ 8.4 X 10°(J/(kg-"°C]

for sandstone at 20°C)

., (2.25) [E/(M-°C) ] Specific heat °§ water (about
c ~ 4.182 X 107[J/(kg-“C)]
a¥ 20°c

dL(x,y,t) {2.39¢) [Lz/s] Longitudinal dispersion
coefficient

dT(x.y,t) (2.39¢) (L2/s] Transverse dispersion
coefficient

det J (4.30) Determinant of Jacobian
matrix

e (2.24) [E/MG] Energy per unit mass solid
matrix

e, (2.24) (E/M] Fnergy per unit mass water

f(x,v,.t) (2.30) [Hs/(LB's)] Volumetric adsorbate source

(gain of adsorbed species by
transfer from fluid per unit
from fluid per unit total
volume)

fs(x,y.t) (2.32a) [MS/MG-S] Specific solute mass
adsorption rate (per unit

mass solid matrix)

g {2.19b) iL/sz] Gravitational acceleration
(gravity vector)
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o
h(x,y.t) {2.20) IL} Hydraulic head (sum of  ‘;
{3.1) pressure head and T
elevation head) T
, —
kix,y) (2.19a) L7 Solid matrix permeability ;!#
kmav(x.y)( (2.21a) [Lij Absolute maximum value of S
- permeability )
2 -
kmin(x.y) (2.21a) P17 Absolute minimum value of -
permeability ‘.1‘
kr(x,y,t) (2.19) f14 Relative permeability tro v
fluid flow (assumed to be
independent of direction).
2
pix,.y,t) (2.1 IM/(L-s™) | Fluid pressure
2
Pc(x.y.t) (2.7) IM/(LesT) | Capillary pressure
Pcent (2.7) lM/(L-sz)] Entry capillary pressure
Pye (4.38) Specified pressure value
i at node i
Qs (4.44) Fluid mass flux in across
IN, X ,
i boundary at node i
qOUTi (4.44) Fluid mass flux out across
boundary node i
£ {(6.3a) Parameter in analytical
solution for radial
transport
SL (4.84) Left side coefficient
contribution of sorption
isotherm to U equation
a (4.84) Right side contribution of
isotherm to U equation
t (3.4) Time
vix.v,t) (2.39) {L/s| Magnitude of velocity v
vix,y.t) (2.19%a) {L/s i Average fluid velocity
v (2.4 {L/sl Net solid matrix velocity
vw(x.y,t) (2.39c) {L/s| Magnitude of x-component of v
v (x,v.t) (2.39~) {L/s] Magnitude of y~-component of v
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1
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Roman Uppercase

AF
AT,
i

B(x.y.t)

BASE(x,v)

BF. .
1}]

C{x,v,t)

C (x,v,t)
s !

r-.".
C (x,v.t)

CF

i S ek snadt g e adl il Sdh sndh Mt el Sl Al Gadl-thedh Sudn Ml el madh Sedi

jL1
ILi
(6.3b)
(4.53)
(4.86)
(3.2) L}
(3.2) P
(4.55)
(4.88)
(2.4) M /M|
S
(2.1) IM /M|
S
(2.30) IMS/MGI
(2.30) IM /M|
S
(4,54)
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x coordinate
Minor principal direction
Major principal direction

y coordinate

Factor in analytical
solution for radial
transport

Matrix coefficient of
pressure time derivative

Matrix coefficient of U
time derivative

Aquifer thickness

Elevation of aquifer base
for example problem

Matrix coefficient in
pressure equation

Matrix coefficient in U
equation

Base fluid solute
concentration

Fluid solute mass fraction
(or solute concentration)
{mass solute per mass
total fluid)

Specific concentration of
adsorbate on solid grains
(mass adsorbate/(mass
solid grains plus
adsorbate))

Solute concentration of
fluid sources (mass
fraction))

Matrix coefficient of U

time derivative in
pressure egquation
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¢ SUBRIUTINE S J T R A SUTRA = VERSION 12864=20 B10usesen “»ﬁ
]
- _ _“_4

IF(NSOP=1.6T.0.0R.NS0J=1.53T.0) 8610cee. °
1 CALL SOURCE(IIN,UIN,IJSOP,QUIN,IQSOU,IQSOPT,IQSOUT) B620eo.. TS

c 83630e... 8

CeeeeoINPUT SPECIFIED P AND U BOUNDARY CONJDITIONS (DATASETS 19 AND 20) 8640ee.. BRI
IF(N3CN=1.GT.J) CALL 30UNDCIP3C,P3C,IuUSC,uUBC,IPBCT,IUBCT) B650.... RN

z B660ee.. R

CueessSET TLAG FOR TIME-DEPENDENT SOURCES OR BOUNDARY CONDITIONS. B670cean o

C WHEN IBCT=+4, THERE ARE NO TIME-DEPENDENT SPECIFICATIONS. 8680.... ol
I3CT=1QS0PT+IQSOUT+IP3CT+IUBCT B690..een ]

¢ B700.... T

Ceeoo.INPUT OBSERVATION NODE DATA (DATASET 21) B710ce..
IF(NI3SN-1.5T.0) ZALL OBSERV(J,I0BS,ITOBS,P035,U085,08STIM, B720c...

1 PVEC,UVEC,ISTO?) B730.... S

c 87640.... - d

Ceeaes INPUT MESH CONNECTION DATA (DATASET 22) 8B750.c.. o
CALL CONNECCIN,IPINCH) B760.... -

c B770c.c.. ;

CevoeooCALCJLATE ANDO CHECK BAND WIDTH B780c...

CALL BANWIDC(CIN) B790caee

c 8800e¢e..

CeeeesCHECK THAT PINCH NODES HAVE ND SOURCES OR BOUNDARY CONDITIONS 8810cec..
IF(NPINCH=1.5T.0) CAL. NCHECK(IPINCH,IQSOP,IQSOU,IPBC,IUBC) 8820....

c B830eea.

CeeeeeINPUT INITIAL OR RESTART CONDITIONS AND INITIALIZE PARAMETERS B84Oeuan

c (READ UNIT-55 DJATA) B850eaa.

CALL INDAT2(PVEC,UVEC,PM1,UM1,UM2,C81,C52,CS3,SL,SR/RCIT/SWsDSWDOP,BBEDowsewe
1 P8C,IPBC,IPBCT) 8870cec..

C 5880....

CeveessSET STARTING TIME OF SIMULATION CLOCK B890.e..

c TSEC=TSTART B90O0eaw.
TSECP0=TSEC B910ea.s
TSECUO=TSEC 8920ce..
TMIN=TSEC/60.00 B930.c..
THOUR=TMIN/6.00 B940a...
TDAY=THOUR/24.00 B950ce..
TMONTH=TDAY/33.437500 B970ea..
TYEA=TDAY/345.2520 B980aoa.

¢ B990....

CeeeasOUTPUT INITIAL CONDITIONS OR STARTINS CONODITIONS 31000...
IFCISSTRA.NE.T) CaLL PRISOL(D,0,0,PVEC,UVEC,VMAG,VANG,/SW) B1010ee.

z 81020... .

CeveeeoSET SWITCHES AND PARAMETERS FOR SOLUTION wWwITH STEADY-STATE FLOW 81030... e
IFCISSELOLNE.T) G2TO 1000 81340... RO
o= 81050... DR |
NOUMAaT=0 81060...
ISSFLO=2 81070... ]
ITER=) 81280... PY
DLTPUM1=DELTP 81090... . +
JLTUMT=DELTUY 81100ce. )
30ELP=0.020 31110... )
3051 4=0.200 81120... Sl
33T3 11C9 81130... RO

B11404.. —d
81150...

L R R R Y A R R R R R R PR R EEE I N NI .
veeeedEIN TIME STED wwtwtwtetanperthtbanthrnbntnrnhnrrbabhrnhenrntnrnrs+aB31170,..
L R R R R R R R R Y AR A R R R R R R R R T A - I [ N o D
1230 1T=.1+1 81190,

ITER=, i 81200...
311

YA (YA (D

[ VAPV S SO AT WA I S WO WU S WA, SN P e PR S S W TN S W . . R, SR, . et




LS

OV LIy Oy Oy

LY (Y D

[

[ I W)

g w—r -y ha o 4
L an At aad ot o aedt St Sress e S Mk el A B il S hd A S M S A Al S - .

T e . v v ewlw

SU3RIUTINE S J T R A SUTRA = VEZRSION 1284-20 8310caces
SJUBROUTINGE S J T R A SUTRA = VERSION 1284-20 810cecsae
B20aaaes

*ex DYRPISE 830ccces
uk MAIN CONTROL ROQUTINE FOR SUTRA SIMULATION. B4O0eaeoo
*xk JRGANIZES DATA INPUT, INITIALIZATION, CALCULATIONS FOR 850 ccece
ak EACH TIME STEP AND ITERATION, AND VARIOUS QUTPUTS,. 360cacses
L CALLS MOST JTHCR SU3ROUTINES. 837 cesse
SBO.I...

SJ3RJUTINE SUTRA( PMAT,UMAT, B9Jeease

1 PITERAUITZR,PMI,UMTI,UM2,PVEL,SL/,SR, 8100cace

P XsYsTHICK  VOLAPOR,ZS1,252,053/5W/,DSWDP,RHO,SOP, 81100aae

3 IIN UINAQUIN,PVEC,JVEC,RCITLRCITMI,CCrXXLYY, 8120cee.

o ALMAX,ALMIN,ATAVG,VMAG,VANG, 3130cess

5 PZRMXX,PERIMXY,2ERMYX,PERMYY,PANGLE, 8140 ccee

6 P3C,UBLC,QPLITR,POBS,UOBS,0BSTIM,GXSI,GETA, 8150ccee

7 IN,IPINCH,IQSOP,IQSOU,IPBC,IUBC,INDEX,IOBS,ITOBS ) B160cacee
IMPLICIT DOU3LE PRECISION (A=4,0-2) B170cesee
CHARACTER%~10 ADSMJD B180acasee
COMMON/MQQDSQOR/ AOQSMQO 8190ceee
COMMON/OIMS/ NN,NE,NIN/,NSI,NB,NBHALF,NPINCH,NPBC,NUBC~, 8200ccses

1 NSOPINSOU’NBCN 82100111‘
COMMON/TIME/ ODELT,TSEL,TMIN,THOUR,TOAY,TWEEK,TMONTH,TYEAR, 8220....

1 TMAX,DELTP,DELTU,DLTPM1,DLTUMNT, IT,ITMAX 8230ac.ee
COMMON/CONTRL/Z GNU,UP,DTMULT,OTMAX,ME,ISSFLO,ISSTRA,ITCYC, B240aeee

1 NPCYC/,NUCYC,NPIINT,IREAD,ISTORE,NOUMAT,IUNSAT B250caes

COMMON/PARAMS/ COMPFL,COMPMA,DRWDOU,CW,CS,RHOS,DECAY,SIGMAW,SIGMAS,B260....

1 R4IWNQ,URHIWO,VISCO,PROODF1,PRODST1,PRODFO,PRODSO,CHIT,CHIZ
COMMON/ITERAT/ RPM,RPMAX,RUM,RUMAX,ITER,ITRMAX,IPWORS,IUWORS
COMMON/KPRINT/ KNQODAL,KELMNT,KINCID,XKPLOTP,KPLOTU,KVEL,KBUDG

COMMON/0BS/ NOBSN,NTO3ISN,NOBCYC,TITCNT

DIMENSION QINCNN) ,UIN(NN),IQSOPINSOP),QUINC(NN),IQSOU(NSOU)
DIMENSION IP3CIN3CIN),PBCINBCN),TUBCINBCN),UBCINBCN),QPLITR(NBCN)

DIMENSTION INCNIN),IPINCHONPINCH,3)

DOIMENSION X(NN),Y(NN),THIZK(NN),SW(NN),DSWOP(NN),RHOCNN),SOP(NN),

1 PIR(NN) »PVEL (NN)

JDIMENSION PERMXX(NE),PERMXY(NE) ,PERMYX(NE), PERMYY(NE),PANGLE(NE),

1 ALMAX(NE),ALMINC(NE)  ATAVG(NE),VMAS(NE) ,VANS(NE),
2 GXST(NE,&) ,GETAINE, &)

JIMENSION VOL(NN),PMAT(NN,NBI),PVEC(NN),UMAT(NN,NBI) , UVEC(NN)
DJIMENSION PMT(NN),UMT(NN),UM2(NN) /PITER(NN) JUITERINN) »

1 RIIT(NN) »RCITMI(NN) »CSTUNN),CS2(NN),CSI(NN)
JIMENSION CCONNI,INDEXCNN) /XX (NN),YY (NN)

DIMENSION PO3S(NO3SN,NTOBSN),JOBS(NGCBSN,NTO3SN),OBSTIM(NTO3SN),

1 133S(NOBSN),ITIBS(NTO3SN)
JaTa 1770/

ceess INPUT SIMJLATION JATA FROM UNIT=5 (DATASETS 3 THROUGH 158)
CALL INDATI(X,Y,THICK,POR,ALMAX,ALMIN,ATAVG,PERMXX,PERMXY,

1 PERMYX,PERMYY,PANGLE,SOP)

eeecaePlLOT MESH (INPUT DATASET 16)

IFCKPLOTPKPLOTU.5T.0) CALL PLOTCI,1,X,Y, CrINDEX/XX,YY,PVEC)

eesee INPUT FLUID MASS, AND ENERGY JR SQLUTE MASS SOURCES
(JATASETS 17 aND 13)
ZaLL ZEROCAINLNN,J.0DD)
CAL) LERQ(UINSNN,O.QDJ)
CALL 2ERO(CQUINSNN,0.000)
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SUTRA M A 1N PR OGRAM SUTRA-VERSION 1284=-2D0 410.....

RVIKRV(41)),RV(KRV(62)),RV(KRV(4L3)),RV(KRV(4L4) )/ RVIKRV(4L5)), A3610...
RV(XRV(40)), RV(KRV(4L7)),RY(KRV(4LB)) ., A3520... B
IMV(KIMVT) ,IMV(KIMV2),IMV(KIMV3),IMV(KIMV4G),IMV(KIMVS), 43630... ‘
IMV(KIMVSE) ,IMVIKIMV?),IMV(KIMVE),IMV(KIMVY) ) A3640...
A3650...

83660...

ENOFILE(S) A3670..
STOP A3680...
END A35690...
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DO OOOODOO

4J0

419

430

& N =

W ~NOo W

S4TRA M a I N P R 0O G R A SUTRA-VERSIUN 1<34-¢0D

NEV=1D

M2z

KRV (1)=1

41=M2¢+1

M2z=M2+ ( NNV )
20 «JJ J=M1,42
KRV{J)=XKRV(J=1)+ NN
41=M2+1

M2z=M2* ( NEV )
30 #10 J=MI,.M2
KRV(JI=KRV(J=1)+ NE
MI=M2¢1

M2=M2+ ( 3)

NY 423 J=M1,M2

KRV (II=KRV(J=1)+ NBCN
Mli=M2+1

M2=M2+ « 2

00 430 J=M1,42
XKRV(JI)=KRV(J=1)+ MATIBS
M2z=M2¢+ « 1)
KRV(42)=KRV(M2-1)+NTO3SN
Mi=M2+1

M2z=M2+ ( 2)

00 440 J=M1,42

KRV(JI=KRV(J=1)+ NEG

NOTE: THE LAST POINTER IN THE ABOVE LIST, CURRENTLY, KRV(J=49).,
MAY N E V €E R BE PASSED TO SUTRA, IT POINTS TO THE
STARTING ELEMENT OF THE NEXT NEW REAL VECTOR TO BE ADDED.
PRESENTLY, SPACE IS ALLOCATED FOR (48) VECTORS.

SET UJUP POINTERS FOR INTEGER VECTORS
XIMv1=1

KIMYy2=KIMV1+ NIN
KIMy3=XIMV2+ NPINCH*3
KIMVL=KIMYIe NSOP
KIMVS=KIMVL+ NSOU
KIMVO=KIMYS+ NBCN
KIMY7=KIMV6E+ NaCN
KIMYS=KIMV7+ NN
KIMvI=XIMVB+ NOBSN
CIMVI0=KIMVO+ NTO8SN

NOTE: THE LAST POINTER IN THE ABOVE LIST, CURRENTLY, KIMV1Q,
MAY N E V E R BE PASSED TO SUTRA. IT POINTS TO THE
STARTING ELEMENT OF THE NEXT NEW INTEGER VECTOR TO BE AODDED.
PRESENTLY, SPACZ IS ALLOCATED FOR (B) INTEGER VECTORS.

24SS POINTERS TO MAIN CONTROL ROUTINE, SUTRA

CALL SUTRA( RM(KRM1),RM(KRM2),
RVIKRV(1)) , VKRV (2)) /RV(KRV(3))LRVIKRV(4)) ,RV(KRV(S)),
RV(KRV(E))/RVIKRV(7))/RV(XRV(B)),RVIKRV(9)I)RV(KRV(I1D)) .,
RVCKRVCTII) ) »RV(KRVITI2)IIARVIXKRV(I3I)), RVIKRV(14)), RVIKRV(1S5)),
RVIXKRV(16))I,RV(KRV(17)),RV(KRV(18)),RV(KRV(19)),RV(KRV(23)).,
RVIKRV(21)),RVIKRV(22))/RV(KRV(23)),RV(KRV(24)),RV(KRV(25)),
RV(KRV(26))I,RYV(KRV(27)),RV(KRV(28)),RV(KRV(29)),RV(KRV(33)).,
RVIKRV(31)),RVIKRV(32)),RV(KRV(33)),RV(KRV(34)),RVIKRV(35)).,
RV(KRV(I6)II,RVIKRV(I?I)I,RVIKRV(3IB8)),RV(KRV(39)),RV(KRV(4D)),
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43010...
A3020...
A3030...
A3040...
A3050...
A306C...
43370...
A3080...
43090...
A3100...

43110... ol

A3120'..
A3130I"
A31‘0...
A3150...
A3160...
A3170...
A3180...
A3190...
43200...
A3210...
ASZZO...
A3230...
A3240...
A3250...
A3260.¢.
83270...
A}zao.'.
A}ZQOQ..
A3300...
A3310...
A3320...
Assso...
43340...
A3350...
A3360...
A3370...
A3380...
A33904es
A3400...
A3410...
A3420...
A3‘33.I.
A}‘ao...
A3450...
A}‘éol..
AS‘?O...

AS‘SO... ‘—

A3490...
A3500...
A3510...
A}SZOI.I
A}Sso-o-
A3540...

A3550... -

Assbo...
4357044
43580...
23590...
A3500...
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255
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SUTRA M A IN P ROGRAM SUTRA-VERSION 1284-20 A1).....
TEUNCTION OF TIME //11X,15,5X,°EXACT NUMBER OF NODES AT, A2410...

‘ AHICH FLUID INFLOW OR OUTFLOW IS A SPECIFIED CONSTANT', 42420...

° OR FUNCTION JF TIME /11%X,16,5X,° EXACT NUMBER OF NODES aT’, 42430...

‘ WHICH A SOURCE OR 3INK OJF SOLUTE MASS IS A SPECIFIED °., A2440...
“CZONSTANT OR FUNCTION OF TIME //711X,16,5X,°EXACT NUMBER QF *, A24650...
“NODES AT wHICH PRESSURE AND CONCENTRATION WILL BE OSSERVED’, A2460...
/11X,106,5X, "MAXIMUM NUMBER OF TIME STEPS ON wHICH °., 82470 .e.
“OBSERVATIONS wWILL BE MADE’) A2480...
A2490...

IF(MELEQ.*1) 42500...
ARITE(6,255) NN,NESN3I,NPINCH,NPBC,NUBC,NSOP,NSQU,N(UBS,NTOBS 42510...
FORMAT(//7/7/711%X,°S I MU L ATTION CONTROL ‘s A2520...
‘N UM B3 ER S//11X,15,5X,"NUM3ER OF NODES IN FINITE-, A2530..e
"ZLEMENT MESH /11X,16,5%X,°NUMBER OF ELEMENTS IN MESH‘/ A2540...
11X,16,5X,"ESTIMATED MAXIMUM FULL BAND WIDTH FQR MESH // A2550...
11X,16,5X,"EXAZT NJMBER OF PINCH NODES IN MESH’// A2560...
11X,16,5X,°EXACT NJMBER OF NODES IN MESH AT WHICH ., 42570
“PRESSURE IS & SPECLIFIED CONSTANT OR FUNCTION OF TIME'/ A2580...
11X,16,5X,°EXACT NJMBER OF NODES IN ME3H AT WHICH ‘., 42590...
‘TEMPERATURE IS A SPECIFIED CONSTANT JOR °, A2600...
“FUNCTION OF TIME'//11%X,16,5X,°EXACT NUMBER OF NQDES AT’, A424610...

“ AHICH FLUID INFLOW OR OQUTFLOW IS A SPECIFIED CONSTANT", A2620...

* OR FUNCTION JF TIME /11X,16,5X,°"EXACT NUMBER OF NODES AT, A2630...

“ WHICH A SOURCZE OR SINK OF ENERGY IS A SPECIFIED CONSTANT, A2640...

° DR FUNCTION JF TIME //11X,16,5X,"EXACT NJUMBER OF NODES °., A2650...
‘AT wHICH PRESSURE AND TEMPERATURE WILL BE OBSERVED® A2660...
/11X,16,5X,"MAXIMUM NUMBER OF TIME STEPS ON WHICH °., A2670...
“JBSERVATIONS WILL BE MADE") A2680...
A2690c-o

AZ?OO.II

CALCJLATE DIMENSIONS FOR POINTERS A2710...
AZ?ZOIII

NBCN=NPBC+NU3(C*+ A2730...
NSOP=NSOP+1 42740...
NSOU=NSQU+1 A2750...
NPINZH=NPINCH+ A2760...
MATDIM=NN+NBI A2770...
NIN=NE*8 A2780...
NJBSN=NQBS*1 82790,
NTOBSN=NTQO8S¢+2 A2800...
MATOB3S=NO3SN«NTO3SN 42810...
NEGL=NE®4 42820...
A283OI'.

428404

SET 2 POINTERS FJR RcAL MATRICES A2850...
AZSOO..I

KRM1 =1 A2870...
KRMZz=KRM1+ MATDIM 42880...
KRMI=KIM2¢ MATDIM 42390...
NOTZ: THE LAST POINTER IN THE ABOVE LIST, CURRENTLY, KRM3, 02900...
MAY N E V £ R 8¢ PASSED TO SUTRA4. IT POINTS TO THE 82910...
STARTING ELEMENT OF THAE NEXT NEw MATRIX TO BE ACDED. 42920...
PRESENTLY, SPACZ IS ALLOCATED FOR (¢) MATRICES. A2930...
42940...

02950...

SET JP POINTERS F)IR RIAL VECTIRS 42960...
A2970...

NNV OIS NUMBER OF RFaL VETZTORS TMAT ARE NN LING 829504,
NNV 3D A2990...
NIV IS5 NUM3ER OF RELL VvECTORS THAT 4R¢ vE LONG 43000...
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219

2
3

215
1
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219
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220
1
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225
226

2390
1
231

2@
1

241
1

1
265
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>uolxa Aoa LN JR 0 5 R A M SJTRA-veROIJN 128440
INPLT DATASET 2: QOuTPUT HEADING

RZ43(S5,170) TITLET,TITLER2

FORMAT(3041/3341)

ARITE(H6,182) TITLZ1,TITLEZ2

EORMATC(/// /71X 130 (A=) /125%X,8081//26X,8041//71X,131(¢14=))

REAJ(S,2790) NN,NELNIT,NPINCH,NPBC,NUSC,NSOP,NSOU,NDOBSANTOSBS
READ(5,200) TUNSAT,ISSFLO,ISSTRA,IREAD,ISTOIRE
EORMAT(1615)
ARITS(5,2035)
SORMAT(///7711X,"5 T v u L AT I ON M O 0 ¢ ‘s
‘2P T I ONSTH
[5(IS5TRA,S0.1.ANJ.ISSFLOLNE.T) THEN

ARITE(H,210)

EORMATC////11%X, STEADY-STATE TRANSPORT ALSO REQUIRES THAT .,
“ZLO0W IS5 AT STEADY STATE.®//11X, PLEASE CORRECT ISSFLO *,
“AND ISSTRA IN THE INPUT JATA, AND RERUNC///1111/
45%,°S I My . AT I ON H A LTED DUE TO INPUT ERROR?)

ENOFILE(®)

5702

ENDIF
IF(IJINSAT.EQe*1) ARITEC(6,215)
IF(IJNSAT.EQ.O) WRITE(6,216)
FORMAT(11X,"= ALLOW UNSATURATED AND SATURATED FLOW:
* PROPERTIES ARE USER=-PROGRAMMED IN SUBROQUTINE
EIRMAT(11X,°= ASSJUME SATURATED FLOW ONLY")
IFCISSFLOGEQet 1 ANDLMELEQe=1) WRITE(S5,219)
IFCISSPFLOGEQ.*tT1.ANDMELEQ.*1) WRITE(H,220)
[FC(ISSFLOLEQ.0) WRITE(6,221)
FORMAT(11X,"~ ASSJUME STEADY-STATE FLOW FIELD CONSISTENT WITH ‘s
“INITIAL -ONCENTRATION CONDITIONS®)
FORMAT(11X,°= ASSJUME STEADY-STATE FLOW FIELD CONSISTENT WITH ‘Y
“INITIAL TEMPERATJRE CONDITIONS®)
ZORMAT(11X,"= ALLOW TIME=JEPENDENT FLOW FIELD®)
IF(ISSTRA.EQ.*1) ARITE(6,225)
IFCISSTRA.EQ.0) WRITE(6,226)
SORMAT(11X,°- ASSUME STEADY-STATE TRANSPIRT®)
EORMAT(C11x,°= ALLOW TIME-DEPENDENT TRANSPORT®)
IFCIREAD.EQ.=1) WRITE(6,230)
IF(IREAD.EQ.*1) WRITE(6,231)
ZSORMAT(11X,°- WARM 3TART = SIMULATION IS TO B8E °»
*ZONTINUED FROM PREVIOUSLY-STORED DATA")
EORMAT(11X,°~ COLD START = BESIN NEW SIMULATION®)
IFCISTORE.EQ.*1) WwRITE(0,240)
IF(ISTORE.SJ.0) WRITE(6,241)
FORMAT(11X,"- STORE RESULTS AFTER EACH TIME STEP ON UNIT=66",
* AS B8ACK=U® AND FJR USE IN A STMULATION RE~START®)
ZORMAT(11X,"= 00 NOT STORE RESULTS FOR USE IN A ‘e
*RE-START OF SIMULATION')

UNSAT®

IF(MZ,Ede=1)
WRITE(6,24)5) NN, NE,NBI,NPINCH,NPBC,NUBC,NSOP,NSOU,NOBS,NTOSS
FORMATC(////711%,°S 1T MU L A T T ON CONTROL ‘.
N U M3 E R S//1IX,I5,5%, NUMBER OF NODES IN FINITE-®,
CE_EMINT MESH /11X,10,5%X,°NUM3ER OF ELEMENTS IN MESH®/
11x,15,5%X,"ESTIMATZED MAXIMUM FuLL BAND WIOTH FQR MZSH"//
11%6,16,5%X,°EXAZT NJM3IER 0OF PINCH NODES IN MESH //
115,16,5%,°SxACT NJMBER OF NODES IN MZSH AT WHICH °»,
*ORESSURE IS A SPECIFIED CONSTANT OR FUNCTION OF TIME®/
11%,15+,5%X,"ExAZT NJMBER OF NODES IN MESH AT WHICH °»/
’S?LUTE CINC:ENTRATION IS A SPECIFIED CONSTANT OR *,
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A1810...
A1820...
A1830...
A1840...
81850cae
41360...
A1870...
A1330...
A1890...
A1900...
A1910...
41920...
A1930..I
A,QLO.‘.
A1950..'
A1960...
A1970...
A1980...
241990...
A2000...
A2010...
A2020...

UNSATURATED’IAZO}O-. .

A2040...
242050¢..
02060...
42970...
A2080...
AZO?O--.
A2100...
A2110...
AZ‘ZOQ.I
A2130...
421640...
82150...
A2160...
82170..ee
42180...
A2190...
A2200...
A2210...
42220...
AZZSO...
AZZ‘O.I.
42250...
Azzboll-
42270
A2280...
42290...
82300...
42310e..
42320...
42330...
42340...
02350...
A2360..l
A2370cee
A238000o
42390...
Az‘oo‘..
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SUTRA

NE =
NJ8S =

NTQBS =
N21INCH =
NSOP
NSJU
NPBC

*
"
*
"
*
*
*
* NJ3C
*
*
»
*
*
*

The

» % * * ¥ » ® X F % % * % ¥

DIMENSION

RM(34100),

M A IN

A Jai i et e b s - o

P ROGRAM

Pt lie il ot a4

SUTRA=VERSION

number of elenents 1n finite element mesh
nunber of ocoservation nodes in mesh
maximun nunber of time steps with observations

number of pinch nodes in finite element mesh
numper of fluid mass source nodes in mesh
nunber of energy or solute mass source nodes
nunbar of specified pressure nodes in mesh
number 5f specified concentration or temperature
nodes in mesh

IMV( 10000)

M

three arrays must be given dima2nsions just pelow.

LA EEER SRR A RERRARS R ER 2222 R R RARERYRREER R R R R 282

Rv( 33000)>,

S TET

1284-2D

* ®
% %
* ®
* &
LA 4
* &
* x
* *
* *
* ®
* &
* x
* *
* &

ISR 2R A EEREL 2R SRS RSS2l XX R R SRR R REYEE R *'
* * * k& A Rk k kK &k kA Kk K Kk Kk Kk k k % & k k& k Kk k k k Kk * K Kk K *l

Coeeees INPUT DATASET 1:
Ceeoeel SET ME==1 FOR SJLUTE TRANSPORT,

READ(5,103) SIMULA

100 FORMAT(246)
WRITE(6,110)

INPUT DATA HEADING

110 FORMATC(IHT,132CIH2) /77 /73C1X,132C H*Y/117011117

47Xs° 5SSS
47%X,°SS S
47X,°5SSS
47X,° SS
47Xs°SS SS
47%,° SSSS

36X, *
* TRANSPQRT

@3> OWNO WP UWWN=

ud UJ
JyJ  JJ
Uud UJ
uJ  uJ
uJd uJ
JUUU

TTTTTT RRRRR Aa °/
TTT T RR RR AAAA “/
TT RRRRR AA  AA°/
1T RR R AAAAAAC/
T7 RR RR aa  aa‘/
17 RR RR AA AA°/

7¢/),37%X,°U NI T ED
‘5 EOLOG ICACL

45X,°SUBSJRFACE FLIOW AND TRANSPORY SIMULATION MODEL’/
/759X,°=VERSION 1284=2D0-°11/
SATURATED=UNSATURATED FLOW AND SOLUTE QR ENERGY’.,

S TATES ‘s
SURV E Y/

* 1116 CH1T11K,13201H)))

IF(SIMULA(T) NE. SUTRA
IF(SIMULA(2).EQ. SOLUTE")
TF(SIMULA(2) .EQ. "ENERSY")

115 WRITE(6,116)

116 FORMATC(IHT///7/720K,"°% % * * =«
1 fowmeae DATA INPUT HALTED FIR

STOP
120 Mg=-1
WRITE(6,130)

133 SQRMATCIHI//132C1H*)/ /720X, »
s POoRRT

1 ‘T E
2 /132¢14%) /)
50T9 160

140 vg=+1
WRITE(6,157)

153 FORMAT(IHI//132C14%)/77/20%,"»
TR ANSD>0RT

1 ‘> Y
2 /7132C1n%) /)

16) CIONTINJE

T R AN

‘)

GO0TJ 115
GOTD 120
G0TD0 142

CORRECTIONS

* L SuUT
SIMULATI
* * A & S U

S I J L ATI

305

ERROR IN FIRST DATA

* & %

CARD--",
* x’)

m
Z
i

X3

ME=+1 FOR ENERGY TRANSPORT )

«//

e prye————
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41210...
41220...
A]z}o.--
A1240...
A1250.l.
A1260...
A1270...
A1280...
41290...
41300...
A13100'.
A1320...
241330...
A1340...
A1350'..
A1360.'l
A1370...
A1380...
A1390l.l
A1400...
A1410..l
A1420...
A1A30l..
A1‘40I.l
A1450...
A‘l‘éOI.I
241470...
A1480...
A1‘90ll.
A41500...
A1S10-.I
A1520-l-
A1530l.‘
A1540...
41550...
A1560I..
A1570lll
A1580...
41590...
A1600l.-
81610.a.
41620...
A1630.‘.
81640...
41650...
21660...
A1670c¢ee
28168044
41690,
A1700...
41710...
A1720..'
A1730'..
81740...
41750...
A1763...
8177000
417804,
41790...
£1800...
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A
- Z 50TRA M a4 I N 2R 35 2 4 SUTRA=VERISIUN 1¢89=25 81)auans
o
! i 431 National lenter ]8610....
: C Reston, Virgainia 22292 18620 ccas
' o ysa 128630.e..
- o |Ab640....
' Ci X kX K ® Kk Kk K k ® ®& Kk Kk K K k KX R K *k Kk Kk * % % *k Kk k W * |8650.ceas
o * Thna SUTRA cod2 and documentation wsere prepared under a « |A650cace
o x 3joint resz2arch project of the J.S. G20logical Surveys * {14670....
o * J2partnent of the Interior, Reston, Virginia, and the * JA680ccee
2 * CErhgineering and Services Laboratory, U.S. Air Force »* ]A690ceee
oy * ZAagineering and Servicas Centers, Tyndall A,F.B,., * |A7004..
oy * Flarada. The SUTRA code and documnentation are * {87100 eee
ol | * available for unlimited distripution. * [87200ces
ol | * Rk x Kk Rk k& &k x k k k kx k A % % &k K %k * & k ¥ *k k k *k %k = & |A730....
oy 18764000 ae
CI IA?SO--.- . ‘-
C‘ 'A760..o- . «
O e e e e e e ;e e e e, c e e mcccccccccemerccccccccccceaen JA770cees ’
C A?BO.I..
o A790cees )
C ASOOCQOC - rj__.‘J
IMPLICIT DOUSLE PRECISION (A=-+4,0-2) A810.ceee .
COMMON/LGEM/ RM A820.... 7
COMMON/LGEV/ RV A830.... ‘
COMMON/LGEMV/ IMV A840.... 3
COMMON/CIMS/ NN/NZ,NIN,NBI,NB,NBHALF,NPINCH,NPBC,NUBC, A85Q0ccss -]
1 NSIP,N30U,N3CN A860.cae R
COMMON/CONTRLY/ GNJ,UP,DTMULT,OTMAX, ME,ISSFLO,ISSTRA,ITCYC, A87Jcese T s
1 NPCYC NUCYC/NPRINT,IREAQ,ISTORE/NIUMAT, TUNSAT A880.... ’
COMMOIN/QOBS/ NOBSN,NTO3SN,VOBCYC,ITCNT A890.caee
- CHARACTER#1 TITLE1(80),TITLEZ2(8Q) A900ccse
. CHARACTER®S SIMuyLA(2) A910.ees
- JIMENSION KRV(100) A920.¢..
: C A930..-. RS
C A9‘0.n¢n "
F C’ .............. o m-w - - e - - - - .- w .- - A950.... F'r‘ ;:j
R :]t * % * A & R Ak kK ok k kR Kk Kk A K K t LA B A B AR A Al A960ceee AR
: N A R Ty *| A970ceee A
4 Cin » * *| A980....
t e » The three arrays that need ve dimensioned * x| A990ccen o
. ol I 2 4 are dimensioned as follows: * «] A1000c.e E 4
3 Clw » * «| 41010... o
~ Sl = DIMENSION RM( RMDIM), RV( RVDIM), IMVUIMVDIM) * «| A1020... :.Vf}ﬁ
S Sl = « «} A41030... Sl
- Cle *  RMDIM >= 24NN#N3I « «| 41040... ey
L‘ C|. N * .‘ A1050... _-'-_-.':'.,"
. Sl RVIIM >= (( NNV#NN ¢ (NEVEB)eNE + NBCN#3 * | 41060... 1
Clw » + (NJB3+1)%(NTQBS+2)%2 + NTOBS *+ 5 )) * »| 81070... ’“"‘
Cl. * * 'l A1080... b |
1 Clwe » IMVDIM >= (( NE*8 ¢ NN ¢ NPINCH#*3 + NSOP + NSOU * | A1090... SO
{ ol L + N3IN=2 + NOBS + NTQ8S ¢ 12 )) « «| A1100... el
:‘. * * .| A1110--. T "
t C" * whera: * 'l A1120... .
3 C" * * " A113°-.- "_- e
. Cle » NNV = 30 * «| 41140... ’ ®
{ Cle » NEV = 10 * «| A1150... T
) Cle = N3CN = NPBC ¢+ NUBC * «f A1160... T
Cle » « «fy A1170... R
Cpn « and: * & 21180... S
3 Cl. * . 'l A1190... -‘.‘-..’."
iy o+ NN = numb2r of nodes in finite elament mesh * «| A1200... ST
.9
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Saturated U

or thermal energy tra
~>either

integrated-finite-dif
=>finite-differenc2 tine
=>non-linz2ar iterativer

solution modes

=>optional fluid veloc:it

->optional printer plots

2 % % % X ¥ % ¥ ¥ % % R R N % N B

is given in :

Vassey Clifford 1., 1984,

34-“3590

by sending a ra2qguest to

OO0 OO0 000D

———— - ——— — —— ——— —— ——— — ———— i —— —— — G — — — — —— —— —— — — — — — — — —— —— — p— — — —— - — — ——— ——— — — —

Uede Geo

'

»

e

~->optional fluid mass and
* * & X k& kX K X % Kk ® K& Kk k& * & % * % # * Kk * & ® * K «

Cnisf Hydrologist -

P ROGR AWM

nsaturated

" -

* ® * ® & % * & * & * * &® & K * * * * &k & * *
->saturated and/or unsaturated groundwater flow
->either single species razactive solute transport

nsport

=->two~dimensional areal or cross—sectional simulation
cartesian or radial/cylindrical coordinates
=>hyprid galer<in=-finite-2lement method and

ference m2thod

witn two~-dimnensional quadrilateral finite elements

discretization

sequential or steady-state

y calculation

=>optional obsarvation well output

of output
solute mass

Complete explanration of function and use of this

SUTRA:

SUTRA
logical Survey

or energy budget

Jo.S.

SUTRA-VERSION 1284-2

UNITED STATES GEOLOGICAL SURVEY
GROUNDAATER FLOW AND ENERGY OR SOLUTE TRANSPORT SIMULATION MQODEL

RAnsport

* ®  * &

* % % % % % % % % ¥ ¥ F X % % * B

sode

A Finite-Element
Simulation Model for Saturat2d=-Unsaturated
Fluid-Density-Dependent
with Energy Transport or (hemically~Reactive
Single~Spacies Solute Transport,
Survay Water-Resources Investigations Report

Ground-Water Flouw

Geological

Jsers wno wish to oe notified of updates of the SJTRA

code and documn2ntation may be addzae to the mailing

303

D A10....l
--AZOQCQI.
lA}o....-
'A‘Oo..-.
850 ccasne
lAQO.o-..
lA?O.-.co
|A8Dceuee
IAQD.-.-:
181000
18110ceee
IA“ZOI...
lA130..-¢
]84140.cee
|A150-..-
lA160..--
|A170....
{A180....
‘A190...'
]4200cc.s
14210ce.e
14220cees
lA23DQ¢-.
|A240-.-.
'AZSO..-.
|A260¢ese
142700 ese
184280cc.
|A2904cee
|A300-...
{A310.aee
14320cess
]A3304aue
lA}‘O..II
14350000
|A360...-
1A3700cee
|2380.ces
|A390-...
lALDOQ.-o
'A“10---.
IA‘ZO.-..
|4430¢.an
|446400.a.
|A“50.-.-
JA460c0ee
1847000 sn
[2480.0ee
|8690....
j8500cces
JA510ecane
|]A520¢...
lASBOc.--
IAS‘O...I
|855Caase
|8550cas.
JA570caes
j2580¢.aus
145904 .ce.
JA600caee
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Appendix B:
SUTRA Program Listing

(Model version V1284-2D)
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(2.47) {°c} or either T or C depending on f::
[MS/M] type of simulation R
(4.66) U value of inflow at point S
of specified pressure
(2.47a) U value of fluid source -
(4.23) Upstream weighting factor -;f
(3.15) Cell volume at node 1 ,
(2.9 Volume (total) o
(2.13) Fluid volume ;:i
(4.111b) Weight for Langmuir isotherm -
W(u) (6.1a) Well function for pump test N
example .
(4.39) Weighting function g
(4.111a) Weight for Langmuir isotherm -
.
; ‘ '; _ t.
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QPBC

RMDIM

RVDIM

o

S(x,y)

*
S

S (x,vy,t)
W

T
o]

Tix,v,t)
Tx,y.t)

*
T (x,y,t)

R

S p(x,y)

(4.51)

(3.38)

(6.1a)

(3.28)

(3.8)

(7.6)
(7.7)
(2.13)

(3.1)

(6.1a)

(Mg/(L-s?) ™)

example problem (volume
fluid injected per time /
volume aquifer)

Fluid mass source rate due
to a specified pressure

Fluid volumetric source
due to a specified head

in the example problem

Fluid mass source due to
a specified pressure node

Fluid volume efflux at
boundary for example

problem

Total pumping rate for
pump-test example

Fluid volumetric source
for example problem

Residual of discretized
equation

Program matrix dimension
Program matrix dimension
Specific pressure storativity

Specific storativity for
example problem

Dimensionless drawdown for
pump test example

Water saturation (saturation)
(volume of water per volume
of voids)

Base fluid temperature

Fluid temperature (degrees
Celcius)

Aquifer transmissivity for
example problem

Temperature of source fluid
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Y, v,

M S S S St st

e 22l 2 g
)

IMVDIM (7.8) Program dimension
K(x,y) (2.20) IL/s| Hydraulic conductivity
(3.1)

KG (4.32) Number of Gauss point

NE (3.3) Number of elements in mesh

NN (3.4) Number of nodes in mesh

NP (4.32) Number of Gauss points

NPBC (7.1) Number of specified pres-
sure nodes in mesh

NSOP (7.1) Number of specified fluid
source nodes in mesh

NSOU (7.1) Number of specified U
source nodes in mesh

NUBC (7.1) Number of specified U
nodes in mesh

NPCYC (7.1) Pressure solution cycle

NUCYC (7.1) U solution cycle

0 (3.7) The governing equation of
the example problem

0 (4.38) The fluid mass balance

P equation

Ou (4.66) The energy or solute mass
balance equation

Pe (7.1) The mesh Peclet number

PBC, (7.1) The iputh pressure boundary

ipu gy

condition value

Qi (4.50) IM/s| Total fluid mass source to
cell i

Q (x.v.t) (2.22) IM/(L3-5)| Fluid mass source {(including

P pure water mass plus solute
mass dissolved in source
water)

Qh(x.y) (3.1) Is—ll Volumetric fluid source for

éxample problem (volume
fluid injected per time /
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g(x,y.t)

D
m

KG
G TL
G TR

s

GT,
i

[t

i]

MR gl &

(4.

(4.

(2.

(2.

(4.

(4,

(4.

(4.

(3.2

9
.25).(2.29) |L7/s|

2
.29) L™ /s

.39¢) iL2/s|
2
.39a) 1L%)s |

)
.39b) {L™/s]|

87)

30)

.42b)

42a)

41)

32)

89b)

89¢)

89a)

~
w
-

Y
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Dispersion tensor

Apparent molecular
diffusivity of solute in
solution in a porous medium
including tortuosity Sffects.
(about, D ~1. X 10 Im"/s|

for NaCl 3t 20.°C)

Element of dispersion tensor
Element of dispersion tensor
Element of dispersion tensor

Element of vector on right
side of pressure equation

Matrix coefficient of U
equation

Element of vector on right
side of U equation

Dispersive flux in
principal direction m

Dispersive flux in
principal direction p

Dispersive flux along
stream line

Coefficient of Gauss
integration

Element of vector on left
side of U equation

Element of vector on right
side of U equation

Element of vector on left
side of U equation

Identity tensor (ones on
diagonal, zeroes elsewhere)

Matrix arising from
integral in example
problem
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SJ3RIJTING S J T R A SUTRA N
ML=0 81210... -—‘
NOUMAT =0 31220... =

c.....s:r NOUMAT TO OBTAaIN J 30LUTIIN B8Y SIMPLS BACK SUBSTITUTION 81230aee

BESINNING ON SECOND TIME STEP 4LFTER A PRESSURE SOLUTION 81240...

IF THE SCLUTION IS NON=ITERATIVE (ITRMAX=1) 81250...
IE(MIDCIT=1,NPCYZ) e NEL 0 AND  MODCIT,NPCYC) sNEeJeANDSIT.GT,2 81260...

cANO-ITRMAX.EQ.1) NOUMAT=1 31270.‘- -

eeeesCHOOSE SOLUTION VARIASLE ON THIS TIME STEP: 81280... A

ML=0 FOR 2 AND U, ML=1 FOR © ONLY, AND ML=2 FOR U ONLY, 81290... .
IFCIT.EQel AND.ISSFLOJNE.2) GOTO 1005 81300... .
IFCMI0CIT,NPCYC) . NELD) ML=2 313104,
IF(MIDCIT,NUZYC)NELD) ML= 8132044
MULTIPLY TIMS STEP SIZE 3Y DTMULT EACH ITCYC TIME STEPS 81330...
IF(MODCIT,ITCYC)eEQ.I.ANDLITLGT 1) DELT=DELT*OTMULT B1340... 2
SET TIME STEP SIZZ TO MAXIMUM ALLOWED SIZE, DTMAX 81350... A
IFCOELT.GT.OTMAX) DELT=DTMAX 8136044 :
INCREMENT SIMULATION CLOCK, TSEC, TO END OF NEW TIME STEP 81370...
TSEC=TSEC+JELT 81380.e.
TMIN=TSEC/60.00 81390...
THOUR=TMIN/60.D0 81400...
TOAY=THOUR/24.90 B1410... 4
TMONTH=TDAY/30.437500 81430e..
TYSAR=TDAY/365.2500 8B1640c¢ae

8145044
SET TIME STEP FOR P AND/OR U, WHICHEVER ARE SOLVED FOR 81460...

ON THIS TIME STEP 814700
IF(ML=1) 1013,1023,1030 81480... (
DLTUMT=DELTU B1490... s
ILTPMI=DELTP 81500...
50T0 1040 B1510.ce
OLTPM1=DELTP 81520...

GO?O 10‘0 B'S}O.l' f
ILTUMTI=DELTU 81540... -
CONTINUE 81550... A
JELTP=TSEC-TSECPO 81560... .
DELTJ=TSEC-TSECUN 81570440
SET PROJECTION FACTORS USED ON FIRST ITERATION TO EXTRAPOLATE B1580...

AHEAD ONE=-HALF TIME STEP 815904¢a-
B0ELP=(DELTP/OLTPYT)*]. 5000 81600.¢.. B
30ELU=(DELTU/DOLTUMT)#*3.5000 B1610... (
BOELP1=BDELP*+1.00) 8B1620... o
30ELJ1=BDELULU+1.002 81530... -
INCREMENT CLOCK FIR WHICHEVER OF P AND J WILL 8E SOLVED FOR 31640...

ON THIS TIME STEP 81450
IF(ML=1) 1060,1073,1080 B1560...
TSECPI=TSEC B1670e¢.. L.
TSECJO=TSEC B1680...
30T0 1090 81690a.s -
TSECPO=TSEC 81700...
50T0 1090 81710...
TSECJI=TSEC 81720...
CONTINUE 81730...

817640...
R I R e = = = = = = = B81750,.. .
3EGIN ITERATION ------ L ~ = = = = - = 81760... v
e T T S R R T B1770... o
ITER=ITER+1 B17380... T
31790... RY
IF(ML=1) 2002,220),2620 8B1800... B
312 -
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(8]

2325

2075

C-.c--

2230
2225

2250

Covven

243D

2425

2450

24675
2480

23139
2437

[N}

30039

3300
3359
3375

T MM Den

Mk i I N

SUBROUTINES s J 7 SUTRA

SHIFT AND SET VECTORS FQR TIME STEP WITr BOTH P AND J SOLUTIONS
00 20¢5 I=1,NN

PITER(I)=PVEC(I)

PVEL(I)=SPVELC(I)

UITER(I)=UVEZ(ID)

RCITMI(IYI=RCIT(I)
RCITCI)D=RHOWI+IJRWIUXR(JITER(I)-URHOWQ)
D0 2350 IP=1,NPBC

I=TA35CIPBC(IP))
AIPLITRUIP)I=GNUX(PBC(IPI=PITER(I))
CONTINUE

IF(ITER.GT.1) GOTI 26230

20 2375 I=1,NN
PITER(I)=8DELPI«OVEC(I)-BDFLP*PMI(I)
JITER(I)=BIELUT*UVEC(I)=-BOELU*UMI(L)
OM1(I)=PVEC(I)

UM2CI)=UuMI(D)

UMT(I)=UVEC(T)

G0TO 2600

SHIFT AND SET VECTORS FQOR TIME STEP WITH P SOLUTION ONLY
DO 2225 I=1,NN

PVEL(I)=PVECC(I)

PITER(I)=PVE-(I)

IF(ITER.GT.1) GOTO 2620

20 2250 I=1,NN
PITER(I)=BOELP1*PVEC(I)=BDELPxPM1(I)
UITER(I)=uvEZ(ID)

RCITMIC(II=RCIT(I)
RCITCI)=RHIWI+DRWIUX(JITER(CI)-URHIWD)
PM1(I)=PVEC(I)

GOTO 2600

SHIFT AND SET VECTORS FOR TIME STEP AITH U SOLUTION ONLY
IF(NJDJUMAT ,EQ.1) GJITO 2480

DO 2425 I=1,NN

UITER(I)=uUvel(I)

IFCITER.GT.1) 5072 2620

00 26450 I=1,NN

PITER(I)=PVEZ(I)

PVELC(I)=PVEC(I)
UITER(CI)=BDELUT*JVEC(I)=BOELU*UMI(I)
RCITMIC(II=RCIT(]I)

230 2675 IP=1,NPBC

1=143SCIP3C(IP))
APLITRUIP)=GNU*(PBC(IP)-PITER(I))
CONTINUE

DY 2500 I=1,\N

JM2CTI)=UMI(])

JMI(I)=uVvEC(I)

CONTINUE

INITIALIZE ARAYS WITH VALUE JF ZERO
MATOIM=NN=NBI

IF(ML=1) 300J,3023,3320

CaLL 2ESRO(PMAT,MATDIM,0.000)

CAalL ZERO(PVEC,NN,0.0220)

CaLL ZEROCVOLANN,J.OQD0D)

IF(ML=1) 3303,3402,3320

IF(NDJUMAT) 3350,3353,3375

CALL ZERO(UMAT,MATIIM,D.320)

CaLllL ZERC(UVEC,NN,Q.DJ20)

313

- VERSION 1284-20 810.....

81810...
8318204
81830...
81840...
8185044
81360...
381870...
81330...
81890...
B1900...
81910, ..
81920...
81930...
81940...
B1950..,.
B1960...
B19?0.-- . e
81980... e
31990... C -1
82300... B
8201000- "‘""
82320-30
B2030...
B2040...
B2050...
B2060...
B2070... .
B2080... )
82090... ‘:.:-‘.A
BZ100-.¢ -

82110...
82120...
82130...
B2140...
B2150...
B2160...
82170...
B2180...
82190...
82200«
82210...
B2220...
82230...
82240...
B2250...
32260...
82270...
82280...
B2290...
B2300...
82310...
82323...
82330...
B2340...
82350...
82360...
82370...
32340...
B2390...
82600...
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3%J0 CONTINUE 32410...

c 824204,

CeeeeeSET TIME=DEPENDENT BOUNDARY CONOITIONS, SCURCES AND SINKS 82430...

c FIR THIS TIME STEP 82440...
IFC(ITER.EQ«1.AND.IBCT . NEL) 82450...

1 CALL BCTIMECIPAC,P3C,IUBC,UBC,AIN,UIN,QUIN,IQSOP,IQSOU, 826460...
2 IP3CT,IUBCT,IASOPT,IYSOUT) 82470...

o 826480...

CeeeesSET SORPTION PARAMETERS FOR THIS TIME STEP 82490...
IF(MLONE .1 e AND ME.EQe=T.AND.NOUMAT.EQ.0.AND. 825004,

1 AJSMOD.NE. “NONE ) CALL ADSORB(CS1,CS2,CS3,5L,SR,UITER) 825104

o 82520...

CeeeesDd) ELEMENTWISE CA_CULATIONS IN MATRIX EQUATION FOR P AND/OR U 82530...
IF(NJUMAT.EQ.D) B2540...

1 CALL ELEMENCML,INAX,Y,THICK,PITER,UITER,RCIT,RCITMT,POR, 82550...
2 ALMAX,ALMIN,ATAVG,PERMXX,PERMXY,PERMYX,PERMYY,PANGLE, 82560.a.
3 VMAG,VANG,VOL,PMAT,PVEC,UMAT,UVEC,GX5I,GETA,PVEL) 82570...

C 82580...

CeveaesDD NIDEWISE CALCULATIONS IN MATRIX EQUATION FOR P AND/OR U 82590...
CALL NODALB(ML,VOL,PMAT,PVEC,UMAT,UVEC,PITER,UITER,PMI,UMTI,uUM2, 82600...
1 POR,GIN,UIN,QUIN,CS1,C52,CS3,SL,SR,SW,0SWOP,RHO,SOP) B2610.c

c 82620...

CevessSET SPECIFIED P AND U CONDITIONS IN MATRIX EQUATION FOR P AND/OR UB82630...
CALL BCB3(ML,PMAT,PVEC,UMAT,UVEC,IPBC,PSC,IUBC,UBC,QPLITR) B2640...

c 82650-..

CeeoeasSET PINCH NODE CONDITIONS IN MATRIX EQUATION FOR P AND/OR U B2660ca.
IF(N?INCH=1) 4200,4203,4000 82670e..

43200 CALL PINCHS(ML,IPINCH,PMAT,PVZC,UMAT,UVEC) 82680...

4200 CONTINUE 82690c..

C BZ?OO.II

CeeoasMATRIX EQUATION FOR P AND/OR J ARE COMPLETE, SOLVE EQUATIONS: 82710...

o WHEN KKK=0, DECOMPOSE AND BACK-SUBSTITUTE, 82720...

C WHEN KKK=2, BACK=SJBSTITUTE ONLY. 82730...
IHALFB=NBHALF-1 827‘0000
IF(ML=-1) 5002,5003,5520 82750 cee

C-o--.SOLVE FOR p 62760.0- -

3030 kkk=J20000 B2770... :}._'_1
CALL SOLVEB(KKK,PMAT,PVEC,NN,IHALFB,NN,NSI) B2780... e

CeaeaeaP SOLUTION NOW IN PVE( B2790... S
IF(ML=1) 5500,6003,5530 82800... T

CesaeaSOLVE FOR U 82810... TS

5520 <kK=220003 82820... -9
IF(NDUMAT) 5700,5700,5600 B2830... T

3500 KKK=2 82840... 0

5700 CALL SOLVESB(XKK,UMAT,JUVEC,NN,IMALFB,NN,NBI) 82850... ,?j

Coeeesel SOLUTION NOA4 IN UVEC B28604.. ol

5030 CONTINUE 82870... o

C 82880...

CeaeasCHECK PROGRESS AND CONVERGENCE OF ITERATIONS B2890... KR

o AND SET STOP AND G) FLAGS: 82900... oL

c IsT0P = -1 NOT CONVERGED = STOP SIMULATION B2910... N

< IsToP = 0 ITZRATIONS LEFT OR CONVERGED = KEEP SIMULATING 392920...

o ISTOP = 1 LAST TIME STEP REACHED = STOP SIMULATION 82930... R

o 1sT0? = 2 MAXIMUM TIME REACHED - STOP SIMULATION 82940... -t

o IGO0 = O P AND U _ONVERGED, OR NO ITERATIONS ODONE B27950... !1

" 1601 = 1 INLY P HAS NOT YET CONVERGED TO CRITERION B2960... g

o 1601 = 2 ONLY U HAS NJT YET CONVERGED TO CRITERION 82970... -

c 160L = 3 30TH P AND 9 HAVE NOT YZT CONVERGED TO CRITERIA B82980... R
15T0P=0 82990... .
1501=J 83000... )
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Bali R At AR P )

IFCITRMAX=1) 7503,7509,7030 83310...

7000 RPM=1.D0 83920...
RUM=2.00 83030...
I-WORS=0 83340...
IUWORS=0 B3050...
IF(ML=1) 7050,7053,7150 83060...

7250 D0 7100 I=1,NN 83070...
RP=DABS(PVEC(I)-PITER(I)) 83080...
IF(RP-RPM) 7109,7260,7060 83090...

7260 RPM=RP 83100...
IPWORS=I 83110...

7100 CONTINUE 83120...
IF(RPM.GT.RPYAX) IGOI=IGOI+1 83130...

7150 IF(ML=1) 7202,7352,7220 83140...

7200 D0 7330 I=1,NN 83150...
RU=DABS(UVEC(I)-UITER(I)) B3160...
IF(RJ-RUM) 7300,7260,7260 B3170...

7260 RUM=RU 83180...
IUWORS=I 83190...

7300 CONTINUE 83200...
IF(RJM.GT.RUMAX) IGOI=IGOI+2 83210...

7350 CONTINUE 83220...
IFCI50I.GT.0.AND.ITER.EQ.ITRMAX) ISTOP==-1 B3230...
IF(I50I.6T.0.AND.ISTOP.EQ.0) 50TO 1100 B3240...

C ----------------------------------- 83250..I
CoweesEND ITERATION = = = = = = = = = = = = = = = = = = = = = = = =« - - 83260...
C ----------------------------------- 83270.‘.
c 83280...

7500 CONTINUE 83290...
IF(ISTOP.NE.=1.AND.IT.EQ.ITMAX) ISTOP=1 83300...
IF(ISTOP.NE.=1.AND.TSEC.GE.TMAX) ISTOP=2 83310...

c B3320...
CeeeesOUTPUT RESULTS FOR TIME STEP EACH NPRINT TIME STEPS 83330...
IFCIT.GT.1.AND.MOICIT,NPRINT) . NE.J.AND.ISTOP.EQ.0) GOTO 8000 83340...
CeeeesPRINT P AND/OR U, AND MAYBE SW AND/OR V 83350...
CALL PRISOL(ML,ISTOP,IGOI,PVEC,UVEC,VMAG,VANG,SW) 8B3360...
CoeeeesCALCJLATE AND PRINT F_UID MASS AND/OR ENERGY OR SOLUTE MASS BUDGETB83370...
IF(KSUDG.EQ.1) B3380...

1 CALL BUDGET(ML,IBCT,VOL,SW,DSWDP,RHO,SOP,QIN,PVEC,PM1, 83390...

2 P3C,QPLITR,IPBL,IQSOP,PORFJUVEL,UMT,UM2,UIN,QUIN,IQSOU,USC, 83400...

3 €S1,052,C53,5L/SR) 83410...
C.I..‘pLOT p RESULTS Bs‘zol.-

- IF(KPLOTP.NE.1.0R.ML.EQ.2) GOTO 7680 8B3430...

- CALL PLOT(1,2,X,Y,CCrINDEX,XX,YY,PVEC) 83440... SRR
: CeeeesPLOT U RESULTS B3450... ]

7580 IF(KPLOTU.NE.1.0R.ML.EQ.1) GOTO 8000 B3460... .
NP=3 B3470... .

\ IF(MZ.EQ.+1) NP=4 83480...

- CALL PLOT(1,NP,XsY,Cl/INDEX/XX,YY,UVEC) B3490... -
i. 3330 CONTINUE 83500...
% c B3510...
3 CoeeesMAKE OBSERVATIONS AT JBSERVATION NODES EACH NOBCYC TIME STEPS 83520...
- IF(NIBSN=1.GT.J) CALL 0B8SERV(1,1085,IT08S,P0BS,U0BS,0BSTIM, 83530...
v 1 PVEC,UVEC,ISTOP) B3540...

\ ¢ B3550... N
! CeeeesSTORE RESULTS FOR POSSIBLE RESTART OF SIMULATION EACH TIME STEP  B3560... -
g IFCISTORELNELT) GITQ 3150 83570...

[ - CalL STORE(PVEC,UVEC,PM1,UM1,25S1,RCIT,Sw,P3C) 83580...
» < 83590...
s 3150 IF(ISTOP.Z2.2) GOTO 1J00 B3600...
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z 343RIUTINE S J T R & SUTRA =~ VERSION 1284=¢0 31J3ev.a.. S
C M R R A R R R R R R R A RN R R AR R R R R RN AR NN R AR R RN R AN R ARk ARk kb nax3348710,.. "‘.4‘
CewoeablND TIME STEP watatrnnbnhnbahnrnbhthbrbnbhnhbnhabnrnrhnnbanrbbnnnranvBiIs20, .. ':——J
O e nw bRk RN AR AR A RN Ak kA kb kawnbnnnrrrneavB34530,,. 4
c 835640... 7
c 33650001 '1
CeeeeaecJMPLETE QUTPUT AND TERMINATE SIMULATION 83600... N
IFCISTORE.SQ.1) WRITE(6,8100) B3670... -
3100 FORMATY(////7711X, =xe LAST SOLUTION HAS 3ZEN STORED ‘., B3580... T‘T
1 ‘ON UNIT 65 «xx”) 33690... ;;1
C 83700.-- -'»_'4
CaeaeedJTPUT RESULTS OF OBSERVATIONS 83710... T
8200 IF(NJ3SN-1.6T.0) CALL 0OBSERV(2,10BS,ITO0BS,POBS,U0BS,0BSTIM, B3720... S
1 vaCIUvECIISTOP) 33730... Y
< 83740... >
CeeeeasOUTPUT END OF SIMJLATION MESSAGE AND RETURN TO MAIN FQR STOP 83750... fjg
IF(ISTOP.GT.D) GOTO 8400 B3760c.. LA
IF(IS0I-2) 8230,8260.,3290 83770... 4
3230 WRITE(6,8235) B3780... _‘}
8235 FORMAT(//7/7777/11X,"SIMULATION TERMINATEOD DUE TO ‘., 83790... ﬂ.}
1 “NON=-CONVERGENT PRESSURE®’, 83800... ~‘J
2 711X, kxtehhnhhnh xRk hhkkhrh knk x% °, 83810cc- T!”
3 TRRNNRRNRARREARE AR ARRRR’) B3820cee =
8260 IF(ME) 8262,3262,8266 83840...
8252 WRITE(6,8264) 83850...
8256 FORMAT(//77777711X,"SIMULATION TERMINATED DUE TO *., 83860...
1 *NON-CONVERGENT CONCENTRATION®., 83870...
2 711X, Rnhhtnthn aanbhhkhhnhk *kk k% °, 83880.c¢
3 CRNRRRRRRARRRRE AR IRARE AL ) 83890ces
RETURN 83900...
8266 WRITE(6,8268) 83910...
8268 FORMATY(/////7/7711X,° SIMULATION TERMINATED DUE TO °» 839204«
1 *NON-CONVERGENT TEMPERATUREZ’, B3930.c.e
2 TT1I1X, " Hunutahnin AaNARtakhh dhkh *& °, B3940...
3 CRRRRRRENRNRRRRR RANRRA R RAr’) 83950 ¢
RETURN 83960...
8290 IF(ME) 38292,8292,8296 83970...
8292 ARITE(6,8294) B3980...
3294 FORMATY(///7/77711%X,°SIMULATION TERMINATED DUE TO °, 83990...
1 “NON-CONVERGENT PRESSURE AND CONCENTRATION®, 864000...
2 J11Xs"kaththaknr shnbrbhkts eah *x °, B4010ces
3 TRRRANMRRANR RN Rhhrhhhh kb Ahhkhhwhhhhrnn’) B4020.ce s
RETURN 84930...
3296 WRITE(6,8298) 34040...
8298 FORMAT(///7/77/77711X,°SIMULATION TERMINATED DUE TO °, 84050...
1 “NON-CONVERGENT PRESSURE AND TEMPERATURE”., 84060...
2 /11X, "nannannnnn aaakatnann aek &4 °, B4070c¢.-.
3 TRRRRRRORNRNNRRE RANARNNRRE AR AR bRbnn”) 84080...
RETURN 364090... .
C 864100... L
3630 IF(ISTOP.EQ.2) GOTO 8500 84110... t'l
HRITE(éIS‘OSO) 86120.-. '-t‘-.
3650 FORMAT(///1777711%X,"SUTRA SIMJULATION TERMINATED AT COMPLETION °, 84130... e
1 *OF TIME STEPS‘/ B84140... :
2 TIX,) hatne *RRaeraatdn AXRNRARNEN A8 Seanbbhnne °, B&e15C .- _'1
3 ‘Hn mant Aavan’) 364160cae ,'4
RETURYN B4170... ]
85J0 WRITE(6,8550) 84180... e
853) FORMAT(/////777/711%X,°SJTRA SIMULATION TERMINATED AT COMPLETION °, B84190... ‘:‘
1 "OF TIME PERIOI’/ 84200... ]
i
.vﬁ
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9 SUBRIJUTINE S J T R A SUTRA - VERSION 1284-20 B10ceese

2 11X, *akan ANk hhkhkh AARAANRAEE Ak Ko kARARANN ‘, B4210ces

3 ‘an wwax wuxrmrn’) 84220...
RETURN 84230...

o 84240...
END 84250...
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SU3ROQOUTINE

SUBROUTINE
PURPOSE

TO INPUT ,OUTPUT, AND ORGANIZE A MAJOR PCRTION OF
UNIT-5 INPUT DATA (DATASET 5 THROUGH DATASET 153)

SUBROUTINE INDATH(X,Y,THICK,POR,ALMAX,ALMIN,ATAVG,PERMXX,PERMXY,
PERMYX,PERMYY,PANGLE,SOP)

IMPLICIT DCUSLE PRECISION (A~H,C-2)

CHARACTER=10 ADSMOD

CHARACTZR*14 UTYPE(R)

CHARACTER*6 STYPE(Z)

COMMON/MOCSOR/ ADSMOD

COMMON/DIMS/ NN,NE,NIN,NSI,N3,NBHALF,NPINCH,NPBC,NUBC,
NSOP,NSQU,N3CN

COMMON/TIME/ OZLT,TSEC,TMIN,THCUR,TOAY, THWEEK, TMONTH,TYEAR,
TMAX,DELTP,CELTU,DLTPMT1,DLTUMT,IT,ITMAX

COMMON/CONTRLZ GNU,UP,CTMULT,DTMAX,ME,ISSFLO,ISSTRA,ITCYC,
NPCYC,NUCYC,NPRINT,IREAD,ISTCRE,NOUMAT,IUNSAT

COMMON/ITERAT/ RPM,RPMAX,RUM,RUMAX,ITER,ITRMAX,IPWORS,IUWORS

COMMON/TENSOR/ GRAVX,GRAVY

COMMCN/PARAMS/ COMPFL,COMPMA,CRWOU,CW,CS,RNOS,DECAY,SIGMAN,SIGMAS,CC2Deans

RHOWO,URHCKO,VISCO,PRCDOF1,PRODST,FPRODFC,PRODSO,CHIT,CHIZ
COMMON/SATPAR/ PCENT,SWRES,PCRES,SSLOFE,SINCPT
COMMON/KPRINT/ XKNODAL,KELMNT,KINCIO,KPLOTP,KPLOTU,KVEL,KBUDG
DIMENSION X(NN),Y(NN),THICK(NN),PCRINN),SOP(NN)

OIMENSION PERMXX(NZ),PERMXY{ANEZ)JPERMYX(NE)JPEANYY(NE) ,PANGLE(NE) s C270..ue

ALMAX(NE) PALMIN(NE) JATAVG(NE)
DATA UTYPE(1)/° TEMPERATURES “/,UTYPE(Z)/“CONCENTRATIONS/
DATA STYPE(1)/ ENEZRGY’/,STYPE(2)/“SOLUTE"/

INSTOP=0

INPUT DATASET 5:

READ(5,50) UP,GNU

WRITE(S6,70) UP,GNU

FORMATC////11X,"N UM ERTICAL CONTRCL
11X,F15.5,5%X,°"UPSTREAM WEIGHTING" FACTOR’/
11X,172D015,4,5X, SPECIFIED PRESSURE BOUNDARY CONDITION FACTOR®)

NUMERICAL CONTROL PARAMETERS
D AT AZ!

INPUT CATASET &: TEMPCRAL CONTRKCL AND SCLUTION CYCLING DATA

READ(S,100) ITMAX,OELT,TMAX,ITCYC,CTMULT,CTMAX,NPCYC,NUCYC

FORMAT(I1S5,2615.0,110,610.0,G15.C,215)

WRITE(6,12C) ITMAX,DELT,TMAX,ITCYC,OTMULT,OTMAX NPCYC,NUCYC

FORMAT(IH1/7/711X,°T E M P O R A L CONTROL AND
‘S CLUTTION CYCLING D AT A’
I711X,115,5%X, MAXIMUM ALLOWED NUMBER CF TIME STEPS”
/11%X,1P015.6,5%, "INITIAL TIME STEP (IN 3SECONDS)’
711X,1P015.4,5%X, "MAXIMUM ALLOWED SIMULATION TIME (IN SECONCS)®
/711%X,115,5%X,° TIME STEP MULTIPLIER CYCLE (IN TIME STEPS) *
/11X,0PF15.5,5%X, “MULTIPLICATION FACTOR FOR TIME STEP CHANGE’
Y11X,1PD15.6,5X, "MAXIMUM ALLOWEG TIME STEP (IN SZCONDS)’
/711%X,115,5%X,“FLOW SOLUTION CYCLE (IN TIME STEPS)’
I YIX,115,5X,TRANSPORT SOLUTION CYCLE C(IN TIME STEPS)”)

IF(NPCYC.GELT.AND NUCYC.GE.T1) GCTO 140

WRITZ(&,130)

FORMAT(//11X,“* « = » ERPRQOR DETECTED ¢ ES0TH NPCYC AND
RUCYC MUST BE SET GREATER THMAN OR EQUAL T0 1.°)

INSTOP=INSTCP-Y

’

.
’
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C204acse
CSOI.I..
CLC"..‘
CSO..I'.
céol.l'.
C?70evese
caol'..'
(O
c’Jg....
C11C....
C12%0...a
C130ecsn
C14Ceeee
C150....
C1¢0.une
C17Cea.e
C180case
C190¢...
Czoc....

€C21C.aee

CZ}O.'..
C240e..e
C25Caeae
czéo....

CZaO-...
C2924ass
C30C.ssue
€C310e¢eee
C}zc...l
C330auen
C240avnn
CSSO.-..
CX6Cuune
C37Cecee
£38Jevee
C370..c4ue
C"OOC..--
C410....
c‘zo.'..
C‘SO....
C"I‘C'II-
C45Cesene
C"‘éO!-o-
c‘?o.l..
CLBO.-CC
CI‘QD.I.'
C50Ceess
€C510.e0e
cszo.l.l
C53Ceean
cs‘o.‘..
C350ccse
csbol.'.
C570c¢cae
C58Ceenn
C590cans
C4C0cess




P T LTy SRR ——

B S0 LA R

o SUSRCUTINE I N O & T 1 SUTRA = VERSION 1284-20 C10ucese
g 140 IF(NPCYC.EQ.1.0R.NUCYC.EQ.1) GCTO 160 €510cee.
HRITE(6’1SG) cbzgo.a.
» 150 FORMAT(//11X,"* % = % ERROR DETECTED : EITHER NPCYC OR ‘., €530 cees
- 1 “NUCYC MUST BE SET TC 1.°) C£4Ceeua
g INSTOP=INSTOP-1 C5500asn
3 150 CONTINUE i Ct6Jeens
" CeveaoSZT MAXIMUM ALLOWED TIME STEPS IN SIMULATION FOR €C5704ce.
I ¢ STSADY-STATE FLOW AND STEACY-STATE TRANSPORT SCLUTIGN MCDES C£8Ceces
s IFCISSFLOLEQ.1) THEN €590eces
\ NPCYC=ITMAX+1 €C700ceea
y NUCYC=1 C71%ceea
- ENDIF €C720....
% IF(ISSTRALEQ.1) ITMAX=1 €C730¢eces
‘ c C?74Cee.s
a Ceeoes INPUT DATASET 7: OUTPUT CONTROLS AND OPTIONS C?5C....
, RZAD(5,170) NPRINT,KNODAL,KELMNT,KINCIO,KPLOTP,KPLOTU,KVEL,KBULG C€760....
; 170 FORMAT(161S) €C770e06..
' WRITE(6,172) NPRINT €78C0eees
172 FORMAT(////11X,°0 U T P U T CONTROLS AND €C790cans

: 1 ‘0P TIONS//11X,16,5X,°PRINTED OUTPUT CYCLE “, C2C0eess y

: 2 “CIN TIME STEPS)Y”) CE10.un EOR

! IF(KNODAL.EQ.+1) WRITE(6,174) €2320.ees @

IF(KNCOAL.EQ.O) WRITE(6,175) . €33Ceass -.1

174 FORMAT(/11X,°=- PRINT NGCODE COORDINATES, TRICKNZSSES AND’, C24Ce0ee o

1 * POROSITIES”) €350cess 1

175 FORMAT(/11X,°~ CANCEL PRINT OF NOCE CCORDINATES, THICKNESSES AND’,C860.... ;

: 1 ° PCROSITIES®) C370ceee S

i IF(KELMNT.EQ.+1) WRITE(6,176) C23304as. = f

) IS(KELMNT.EG.C) WRITE(6,177) C890en.s e

5 176 FORMATC11X,“= PRINT ELZMENT PERMEABILITIES AND DISPERSIVITIES®) €9C0eess Ay
: 177 FORMAT(11X,°~ CANCEL PRINT CF ELEMENT PERMEABILITIES AND “, €C91Ceces o

) 1 *OISPIRSIVITIES®) €520ecee
- IF(KINCID.EQ.+1) WRITE(6,178) €930....
i 178 FGRMAT(11X,"~- PRINT NOGE AND PINCH NOGE INCIDENCES IN EACH *, C9%Cecse
1 “ZLEMENT®) C750eass
‘ 179 FORMAT(11X,"= CANCEL PRINT OF NCGE AND PINCH NOODE INCIDENCES *» C37Ceeve
1 *IN EACH ELEMENT®) CI8Quann
IF(KPLOTP.EQ.*1) WRITE(6,180) €990 ¢ess
v 1830 FORMAT(/11X,°= PLCT PRESSURES CN EACH TIME STEP WITH CUTPUT”) cic1c...
. 121 FORMAT(/11X,°~- CANCEL PLOT OF PRESSURES®) C1020ce
. IME=2 C1022...
IF(ME.EQ.+1) IME=1 €C104C...
IF(KPLOTULSQ.*1) WRITE(6,1E2) UTYPECIME) C1C5C...
IF(KPLOTU.EQ.0) WRITE(6,183) UTYPE(IME) €1040..es

132 FORMAT(11X,’= PLCT “,A14,° CN SACH TIME STEP WITH QUTPUT") Ci107Ceus

153 FORMAT(11X,"= CANCEL PLOT OF “,A14) €1C3C...
IF(KVELLEG.*1) WRITE(6,164) €1C%0...
1F(KVEL.EQ.0) WRITE(6,185) €C11CC...

134 FORMAT(/11X,°= CALCULATE AND PRINT VELOCITIES AT ELEMENT °, C111C..,

1 “CENTRCIDS ON EACH TIME STEP WITH OUTPUT®) C112C...

155 FORMAT(/11X,°= CANCEL PRINT CF VELOCITIES®) €1130...
IF(KSUDG.EQ.*1) WRITE(4,186) STYPE(IME) €C1140C..s
IF(XBUCG.EC.C) WRITE(6,187) €C115C...

186 FORMAT(/11X,°~ CALCULATE AND PRINT FLUID AND “,A6,° BUDGETS “, €11%0ces

1 ‘ON EACH TIME STEP WITH OQUTPUT’) €C117Ceus

187 FORMAT(/11X,"= CANCEL FRINT OF BUDGETS’) €C113C...

¢ C119C...
Ceeoes INPUT DATASET 8: ITERATION CONTPOLS C12CC.eas
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- ¢ SU3ROUTINE I N D A T 1 SUTRA =~ VERSION 1284-2C C1Cevass
! RSAD(S,190) ITRMAX,RPMAX,RUMAX C121C...
J 190 FORMAT(11C,2510.0) c1z2C...
IECITRMAX=1) 192,192,194 C123C.ue
192 WRITE(6,193) C124C..s 1
193 FORMAT(////11X,°"1 T ERATICN CCNTRCL DATA", €C125C...
1 //11%,° NON-ITERATIVE SCLUTION®) C124C... o
GOTO 156 €C127C... s
N 1964 WRITZ(6,195) ITRMAX,RPMAX,RUMAX c123C... _ ol
L 195 FORMAT(////11X,°1 T ERATICN CONTRCL DOATA", €c123C... s
' 1 //11X,115,5%X, "MAXIMUM NUMBER OF ITERATIONS FIR TIME STEP”, €130C... n
2 /11X,1PD15.4,5X,“ABSOLUTE CCNVERGENCE CRITERION FOR FLOW®, C131C... D
3 * SCLUTION®/11X,1PD15.4,5X,“A2SOLUTE CONVERGENCE CRITERICN’, C132C... R
& ° FOR TRANSPCRT SCLUTION®) C133C... 1
195 CONTINUE C124C... =
l C €135C...
CovoeeoINPUT CATASET 9: FLUID PROPERTIES C135C... R
RZIAD(S5,200) COMPFL,CW,SIGMAW,RhOWD,URHOWC,GRWOL,VISCO C137C... ]
CeeeeeINPUT DATASET 10: SOLID MATRIX PROUPERTIES C1330... Lo
RZAD(5,20C) COMPMA,CS,SIGMAS,RHOS €135C... R
200 FORMAT(EG10.D) C140C..s )
IF(“E.EQ-’1) C1410... - e
) 1 ARITECE,210) COMPFL,COMPMA,CKH,CS,VISCO,RHOS,RHOWO,DRWDOU,URHCWD,,C1420..., ,__._!1'
210 FORMAT(IH1////11X,°C G N S TANT PROPERTIES O0F°, Cl44C...
1 ‘ FLUID AND SOLIO MATRIX €C1450C...
2 //11X,1PD15.4,5X, "COMPRESSIBILITY OF FLUID'/11X,1PD15.4,5X, C145C..s
3  “COMPRESSISILITY OF PORCUS MATRIX®//11X,1PC15.4,5X, C1470...
& *SPECIFIC HZAT CAPACITY OF FLUID’,/11X,1PD15.4,5X, €C1430...
| S “SPECIFIC HEAY CAPACITY OF SCLID GRAIN‘//13X,°FLUID VISCOSITY ,C14%C... .,
: 6 ° IS CALCULATED 3Y SUTRA AS A FUNCTIGN CF TEMPERATURE IN ‘., €150C... ]
7  CUNITS OF [kg/(mws))*//11X,1P015.4,5X,°VISCC, CONVERSION °, €C151C... L
8 ‘FACTOR FOR VISCOSITY UNITS, (aesired unitsl = VISCO=’, €C152C... S
9 “Ckg/(m*s)I“//11X,1PD15.4,5X,“DENSITY OF A SOLID GRAIN’ €C1530... Y
*  //13X,°FLUID DENSITY, RHOW®/13X,°CALCULATED 8Y “, C1540... R
)] 1 “SUTRA IN TERMS GF TEMPERATURE, U, AS:°/13X, 2HOW = RHOWO + “, C1550... pa
2 “ORWOU~C(U~URHOWO)“//11X,1PD15.4,5X,“FLUID BASE DENSITY, RHOWD® C1540... *»i
3  /11X,1PD15.4,5X,"COEFFICIENT OF DENSITY CHANGE WITH ‘., c1s57C... L
& "TESMPERATURE, OURWOU‘/11X,1PD01S.4,5X, "TEMPERATURE, URHOWO, ‘»  C152C... -
S “AT WHICH FLUID DENSITY IS AT BASE VALUE, RhOWO’ €C159C... g
6 /1/711X,17D15.4,5X, " THERMAL CCNCUCTIVITY OF FLUID’ €C159C.as R
7 /11X,1PD15.4,5X, "THERMAL CONDUCTIVITY OF SOLID GRAIN®) C1610... o
' IF(“E-EG--1) C1620..- '
: 1  WRITE(6,220) COMPFL,COMPMA,VISCC,RHOS,RHOWC,CRWOU,URHOWO,SICMAWCT1630..ae N
220 FORMAT(INI////711X,°C O N STANT PROPERTIES O0F° C1660... R
1 FLUID AND SOLID MMATRIX €1565C... "
2  //11X,1PD15.4,5X, COMPRESSIBILITY OF FLUID’/11X,1P015.4,5X, C1660... ,3;4
3 °“COMPRESSI3ILITY OF POROUS MATRIX” C147C..e T
& //711X,1PD15.4,5X,°FLUID VISCOSITY” C1563Ca0s R
) &  //11X,1PD15.4,5X,“DENSITY OF A SOLID GRAIN’ C169C.ss N
- 5 //713X,°FLUID DENSITY, RHCW®/13X,°CALCULATED BY ‘., C170C... o
6 °“SUTRA IN TERMS OF SOLUTE CCNCENTRATION, U, AS:’, €C1710... T
7  713X,°RHOW = RHOWO *+ CRWCU*(U=URHOWOD)’ ci172C... .
8 //11X,1PD15.64,5X,"FLUID BASE DENSITY, RHOWO” C17%0... o
, 9 711X, 1PD15.4,5X,“COEFFICIENT OF OENSITY CHANGE WITH *, C1740... e
\ *  “SOLUTE CONCENTRATION, CRWOU’ C175C... .ﬂ
) 1 /11X,1PD15.4,5X,"SOLUTE CONCENTRATION, URHOWO, ‘., C175Casn -
4 AT WHICH FLUID DENSITY IS AT BASE VALUE, RHOWO' C177C.us R
S /711X,1PD15.4,5X, MCLECULAR CIFFUSIVITY OF SOLUTE IN FLUID’) C1780... ]
c C179C... R
CoveeoINPUT DATASET 11: ADSCRPTICN PARAMITERS €150C... 35&
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SUSROUTINE I N D A T 1 SUTRA = VERSION 1284<20 C10.sves X
RSAD(S5,230) ADSMOC,CHIT,CHI2 €C181C...
230 FORMAT(A10,2G1C.0) €132C...
IS(ME.EQ.+1) GOTO 2438 €1283C...
15¢ACSMOD.EQ. *NONE *) GOTC 2% C1840...
WRITEC(6,232) ADSMOD €125C...
232 FCRMAT(////11%X,°A D S O R P T I ON PARAMETER RS’ c18¢C...
1 1716X,A10,5X,“EQUILIBRIUM SCRPTION ISGTHERM’) C187C...
GCTO 236 €15%8C... @
234 WRITE(6,235) C1890... o
23S FORMAT(////%1X,°A D S ORPTTION PARAMETTER RS’ C193C... IR
1 /716%X,°NON=SGRBING SOLUTE’) ¢191C... R
236 IF((ADSMOD.EQ. "NONE “).0R.CADSMOD.SC. “LINZAR ‘).0R. €1520... R
1 CADSMOD.EG. "FREUNDLICH?).OR.(ADSMODL.EQ.LANGMUIR “)) GCTO 238 C193C... ‘ .
WRITE(6,237) C154C... - .4
237 FORMAT(//11X,°% » * » ERROR DETECTED : TYPE OF SCRPTICN MODEL ‘s C1650... ol
1 IS NOT SPECIFIED CORRECTLY.’/11X,“CHECK FOR TYPE AND °, €196C... B
2 *SPELLING, AND THAT TYPE IS LEFT=-JUSTIFIED IN INPUT FIELD") €1570... ,J
INSTOP=INSTOP-1 C193C... '
238 IF(AJDSMOD.EQ. LINEAR ) WRITE(6,262) ChI1 C199C.e.s o
242 FORMAT(11X,1PD15.4,5X,° LINEAR CISTRIZUTICN COEFFICIENT?) €26cC... L
IF(ADSMOD.EQ. “FREUNOLICH) WRITE(6,244) CHIT1,CHI2 €201C... - e 2
244 FORMAT(11X,1PD15.64,5X, FREUNDLICH DISTRIBUTION COEFFICIENT’ €202C... o
1 /11X,1PD15.4,5X,°SECCND FREUNDLICH COEFFICIENT®) €203C... ,57
IF(ADSMOD.EQe*FREUNDLICH  JAND.CHIZ2.LE.O.DO) THEN C204C... ’
245 FORMAT(11X,°* » * » ERROR DETECTED : SECCND COEFFICIENT ‘., €C2G60... PR
1 ‘MUST BE GREATER THAN 2ZR0") €207C... S
INSTOP=INSTOP'1 CZOBC-Q. -
ENDIF €209C... =/
IF(ADSMOD.EQ.“LANGMUIR ‘) WRITE(S5,244) CHIT,CHI2 €212C... AR
245 FORMAT(11X,1PD15.4+,5X, LANGMUIR CISTRISUTICN CCEFFICIENT” €C211C. s e
1 711X,1PD15.4,5X,°SECOND LANGMUIR COSFFICIENT?) €212C... R
€213C... AT
eee.INPUT DATASET 12: PROOUCTICN OF ENERGY OR SCLUTE MASS €214C... -
243 READ(5,200) PRCOFO,PRODSO,PRODF1,PRODSY €215C... P
IF(ME.EQ.~1) WRITE(6,25C) PROOFO,PRGISC,PRCOF1,PRODST €C215C..n ERORRE |
25C FCRMAT(//7//11X,°P RO D UC T I ON AND DECAY 0 F “4C217C e Bt
1 ‘S PECTILES M A S S°//13X,°PROCUCTION RATE (+)“/13Xx, C218Ceun ”a*j
2 “ODECAY RATE (=)"//11%X,1F215.4,5%X,°2ZER0O-CROER RATE OF SOLUTE “» C219C..e ]
3 “MASS PRODUCTION/CECAY IN FLUIC’/11X,1FC15.4/,5X, €22CCaus :
4 lERO-CRDER RATE OF ADSCRSATE MASS PROCUCTICN/DECAY IN °. €221C... A
5 “IMMG3ILE PHASE /11X,1P015.4,5X,“FIRST-0R0ER RATE CF SOLUTE “, C222C... [y
3 °MAS5S PRODUCTION/DSCAY IN FLUIG'/11X,1PD15.4,5%, €223C... o
4 “FIRST-0RIER RATE OF ADSCRBATE MASS PROJUCTION/DECAY IN °, €224C.e.n S
5 “IMMOSILE PHASE’) £2250... R
IF(ME,EC.+1) WRITE(&,26C) PROCFC,PRCLSO €224C... AR
2450 FORMAT(////11X,°P RO D UC T I ON AND L 0SS 0F ‘) C227C ... IR,
1 E NE RG Y*//713X,°PRODUCTICN RATE (+)° 713X, €222C... ]
2 LOSS RATE (=) //11X,1PL15.4,5%X,°2ERD-ORDER RATE OF ENERGY ‘» (€223C... R ,O;
3 *PRCOUCTICN/LOSS IN FLUIC’/11X,1PD15.6,5X, €23CCaus g
4 *ZERO-ORDER RATE OF ENERGY FROZUCTION/LOSS IN °, €231Cea0s N
S SOLID GRAINS®) ) c232C... R
eaesSET  PARAMETER SWITCHES FCR EITMER ENSRGY OR SCLUTE TRANSPORY €233Cess R
IF(ME) 272,272,274 €234C... ]
FCR SOLUTE TRANSPORT: C235C... ]
272 €5=2.000 C22¢0... - W
CwW=1.CCO €237C... ]
SIG“AS=O-ODO CZSEC..- ~~>“<
GCTO 278 €239C... S
FOR ENERGY TRANSPORT: C24CC..s T
321 .1
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274 ADSMOD="NONE
€H11=0.000
CH12=0.020
PRODF1=0.000
PR075S1=0.C00
c OIVIDE SIGMA TO CANCEL MULTIPLICATION 3Y RHOW*(CW
¢ IN SUSROUTINE ESLIMEN,
RCO=RHCOW(O*CW
SIGMAW=SIGMAW/RCD
SIGMAS=SIGMAS/RCO
278 CONTINUE
C
CoeoesINPUT DATASET 13: ORIENTATICN CF CCORDINATES TO GRAVITY
READ(5,200) GRAVX,GRAVY
WRITE(&,32C0) GRAVX,GRAVY
320 FORMAT(///711X,°C 0 O R DI N ATE ORIENTATION ‘s

1 ‘T o G RAVITVY*//13X,°CCMPONENT OF GRAVITY VECTOR’,

2 /13%X,°IN +X DIRECTION, GRAVX /11X,1P015.4,5X,

3 ‘GRAVX = =GRAV * D(ELEVATION)/DX°//13X, CCMPONENT OF GRAVITY®,
4 “ VECTOR"/13X,°IN +Y DIRECTION, GRAVY’/11X,1PD15.4,5X,

5 *GRAVY = =GRAV * D(ELEVATION)/DY")

C
Coeees INPUT DATASETS 14A AND 148: NCCEWISE DATA
READ(S5,330) SCALX,SCALY,SCALTH,PORFAC
330 FORMAT(5X,4G610.0)
O 450 I=1,NN
RZAD(S5,400) IXI,XCIX), YCII),THICK(II),PCR(II)
' 4CC FORMAT(IS,4G10.0)
X(IT)=x(II)*SCALX
YCII)=Y(II)=SCALY
THICK(II)=THICK(II)~SCALTH
POR(CII)=POR(II)*PORFAC
o SZT SPECIFIC PRE£SSURZ STORATIVITY, SOP.
450 SOP(IIN=(1.DC=PORCIID)»CCMPMA+PCR(ILI)*COMPFL
460 IFC(XNODAL.EQ.Q) WRITE(6,469) SCALX,SCALY,SCALTH,PORFAC
459 FORMATC(IH1///711X,°N O D E INFORMATTI ON//I16X,
1 ‘PRINTCUT OF NODE COORDINATES, THICKNESSES AND PCROSITIES ‘.
2 “CANCELLED. “//716X,°SCALE FACTORS :°/33X,1”015.4,5X,°X~-SCALE"/
1 33X,1P015.4,5X,°Y=-SCALE /33X,1PC15.4,5X,"THICKNESS FACTOR®/
2 33X,1PD15.4,5X,"PORCSITY FACTOR’)

A e - LA
e A AR i A= A A Tv.v.

C1Ceecen

C241C...
C242C...
C2643C...
€C264C.e0e
€C245Cees
C24%Caan
C247C.e0e
C248C.an
C269Cass
C250C..s
c251¢C...
€252C...
€253C...
C2564Cees
CZSSC--.
€2550...
cZS?C..Q
C253C...
€C259Qe.n
€C260C.s.
€C261C...
€C252C.va
c263C--o
C264Ceas
C265C...
C265Cess
C267Ceee
CZéEC--.
C2590a0e
C27C0cee
C271Ceee
€272Ce.e
c273C...
C274C.ee
CZ?SCooo
C2762.40e
C2?77Cess
€C273C.we
C279C.eus

€z80C...

IFCKNGCALLEQe+1) WRITE(S,470) (I, XCI),Y(I),THICK(I),POR(CI),I=1,NN)C281C...

47C FORMAT(1H1//11X,°N O D E INFORMATION//13X,
1 "NODE’»?7Xs "X 716Xs Y 17X, "THICKNESS®,6X,°PCROSITY //
2 (11%x,16,3¢3X,1PD014.5),6X,CPFE.5))
C
Coeew s INPUT DATASSTS 154 AND 158: ZLEMENTWISE DATA
READ(S,490) PMAXFA,PMINFALANGFAC,ALMAXF,ALMINF,ATAVGF
690 FORMAT(10X,%6G1C.C)
IF(KELMNT.EQ.*1) WRITE(6,500)
50C FORMAT(IN1//11X,°E L E M ENT INFORMATTIONY//
11X, " ELEMENT*,4X, " MAXIMUM® /S X, “MINIMUM?, 12X,
“ANGLE BETWEEN’,3X,° MAXIMUM®,5X,” MINIMUM®,5X,
B AVERAGE /22X, "PERMEABILITY , 64X, "PZRMEABILITY ,4X,
“+X-DIRECTION AND’,3X,°LONGITUCINAL®,3X, LONGITUDINAL’3X,
" TRANSVERSE’/50X, MAXIMUM PERMEABILITY ,3X, DISPERSIVITY®,
IX,°0ISPERSIVITY , 23X, DISPERSIVITY /58X, " (IN DEGREES) //)
20 550 LL=1,NE
READ(S,510) L,PMAX,PMINLANGLEX,ALMAX(L) LALMINC(L) L ATAVG(L)
S10 FORMAT(I10,6G10.0)
PMAX2PMAX*PMAXFA

O 3w N -

L, - B L. R . . . e ey

R AT P AR IR SR GT S, AL WA U T Y PP R Y G Tl Y S SR S e D S

C282C...
czE}C..O
czs“c---
€285C...
czséo...
C237Cee.e
€282C...
C229C...
€2v0C...
€2%1C...
c2920...
€2930..e
€2940...
€295C...
C294C...
C297c...
€29:C...
C29%C...
C300C...
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SUBRJUTINE I N 0 A T 1 SUTRA - VERSION 1284-23 C10.....

PMIN=SPMIN®=PMINFA
ANZLEX=ANGLEX~ANGFAC
ALNAX(L)=ALMAX(L)'AL”AXF
ALMINCL)=ALMIN(CL) *ALMINF
ATAVGCL)=ATAVG (L) ~ATAVGF
IF(KELMNT EQe*1) WRITE(S6,520) L,PMAX,PMIN,ANGLEX,
1 ALMAXCLY  ALMINCLY  ATAVG(L)
S20 FORMAT(11X,17,2%X,2C1P014.5,2X%X),8X,4(0PF10.3,5X))

eeeseROTATE PZIRMEA3SILITY FROM MAXIMUM/MINIMUM TC X/Y DIRECTIONS

RAJIAX=1.7453290-2«ANGLEX

SINA=DSIN(RADIAX)

C2S4=DCOSCRADIAX)

SINA2=SINA*SINA

CCSA2=COSA~COSA

PERMXX(L)=PMAX*COSA2+PMIN®SINA2

PERMYY(L)=PMAX*SINAZ+PMIN®COSA2

PERMXY(L)=(PMAX=PMIN) *SINA*COSA

PERMYX(L)=PERMXY (L)

PANGLEC(L)=RADIAX
550 CONTINUE

IF(KELMNT.EQ.O)

1 WRITE(6,569) PMAXFA,PMINFA,ANGFAC,ALMAXF,ALMINF,ATAVGF
559 FORMAT(////11X,°E L E M ENT INFJORMATTIONY/
16X, PRINTOUT OF ELZMENT PERMEABILITIES AND DISPERSIVITIES *.,
*CANCELLED. /716X, SCALE FACTORS :°/33X,1P015.4,5X,"MAXIMUM *,
"PERMEABILITY FACTOR’/33X,1PC15.4,5X, "MINIMUM PERMEASILITY “,
*FACTOR’/33X,1P015.4,5X,“ANGLE FROM +X TO MAXIMUM DIRSCTION’,
* FACTOR"/33X,1PD15.4,5X,°"MAXIMUM LONGITUDINAL OISPERSIVITY',
* FACTOR’/33X,1PD15.4,5X, “MINIMUM LONGITUDINAL CISPERSIVITY',
* FACTOR’/33X,1°D15.4,5X, " TRANSVERSE DISPZRSIVITY FACTCR?)

V8 W N et N~

eeveeZND SIMULATION FOR CORRECTIONS TO UNIT-5 DATA IF NZCESSARY
IF(INSTOP.EQ.0) GOTO 1000

WRITE(6,599)
999 FORMAT(////717711X,°PLEASE CGRRECT INPUT DATA AND RERUN.‘,

1 17/22%,°S I M UL ATION HALTTETD’,

2 122X nonnannhnnanrhhhnnk Ak hhkahoni’)

ENDFILE(S)

sSTOP

1020 RETURN
END

323

€3510...
c3c2C...
€3030...
C204C...
C305C...
€3CsC...
€307C...
€302C...
C3l9C...
€113¢C...
C311C...
c312C...
€313C...
C314C...
C315C...
c31¢C...
c317C...
c318C...
€3190...
c32CC...
c321C...
€322C...
€323C...
€324C...
€32s5C...
€326C...
€327C...
c3z28C...
€329C...
€330C...
€331C...
€3320...
€333C...
€3340...
C3358...
C3346Cass
€337C...
C338C...
C339Cene
C2400...
C341C...
C342C...
C3430...
Clu4C..,
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C SUBRIUTING P ¢ 0 T SJUTRA = VERSION 1236=20 D10ceass
" SUBRIJIUTINE P L 0 T SUTRA = VERSION 12864-2D0 D10cecses
o D20ccece
C wx* PURPISE : 030cceece
C *xx T0 READ PLOT SET-UP DATA, AND TO PLOT THE FINITE ELEMENT D40ceces
C «x» 4E54, THE PRESSURE SJLUTION AND/OR THE CONCENTRATION OR 050 ccces
C %*xx TEMPERATYRE SOLUTION ON THEZE PRINTED QUTPUT PAGE. D6Deosee
C D?O."..
SUSRIJUTINE PLIT (ICALL,NP,X,Y,CC,INDEX,XX,YY,CVEC) 080ccsee
IMPLICIT QJQUSLE PRECISION (A=+4,0-2) 090ccacce
COMMON/KPRINT/ KNODAL,KELMNT,XINCIO,KPLOTP,KPLOTU,KVEL,KBUDG 0100cces
ZOMMON/CONTRLYZ GNJ,UP,DTMULT,ITMAX, ME,ISSFLOLISSTRAL,ITCYC, D110ccee

1 NPCYC,NUCYC, NPRINT,IREAD,ISTORE,NDUMAT,IUNSAT D120cces
COMMON/DIMS/ NN/NEZE/NIN,NBI,N3I,NBHALF,NPINCH,NPBC,NUBC, 0130ceas

1 NSJOP,NSOU,NICN 0140..ce
CHARACTER®T OPRNT(122),5YM(17),8LANK(6Q) 0150cses
DOUBLE PRECISION NX(530),NY(14) D160ccea
CAARACTER#*SG DIGIT(82),VF1(8),VF2(6),VFI(T7) 0170¢cee
DIMENSION K(10),NC10Q) D180ccee
CHARACTER*30Q TITLE(1,4) D190¢.ce
DIMENSION XUNN) YCNN),CCUNN)»XXCNN) LYY (NN) L, INDEXCNN) ,CVECCNN) D200.cace

DATA SYM/ 1°,°2%r°3°0°4°,°5° 76 +°7°02°8%°4+°9°+°0°¢° 2+ "2°Y",°2%°, D210ccee
1°Co°=",°+°/,PRNT/122%° “/,BLANK/S60*° ‘/,NOS/1/ 0220ccee

JATA DIGIT/ 1%, 2,3 6" ,°S s 6", 7°,°8B°,°9°,°10°,°11°,°12°,°13°0230¢es-
1,°16°,°15°,°16°,°17°,°18°,°19°,°20°,°21°,°22°+°23°,°24°,°25°+,°26" D240ccecs
2,°27°,°28°,°29°,°30°,°31°,°32"+,°33",°34"4,°35°,°36°,°37°,°38,°39°,0250cce-
2°40°, °41°,°32°,°83°,°86°,°85°,°86°,°87°,°88°,°89°,°90°,°91°,0260e¢ce"
1°92°,°93°,°96°,°95°,°96°,°97°,°98°,°99°,°100°,°101°,°102°,°103°, “0270ace-
2106°,°105°,°136°,°107°,°138°,°109°,°110° " 1117, 112", " 113°,°1146°,°02%0c e s «
3115°,°%16°,°117°,°118°,°119°,°120°,°121°,°122°/ 0290ceee

JATA TITLE/® * » # « N QO E S = » » » <, D300ccea

1 * & ® x PRESSJIRE/PBASE + » » °, D310ceee

2 ‘ LI COMCENT?‘TIDN/CBASE * "l 03200001

3 ‘ * # TEMPERATURE/TBASE *» = °/ 0330ccece

DATA VF1/°C14 *,°,°," ‘rTAt,F°L,%10.2°,000 0 D340....

DATA VF/°(IH *,°,°,° “P°A1,1°,° X 08°,7)° Y 0350cace

DATA VF3/°C140°,°,°,° ‘YA AR, 3.0,°,712F1°,°0.2)° 1 D360casn

< 0370cece
IFCICALL) 1130,1120.1 0390cces
CeeeeeaREAD PLOT SETUP DATA (DATASET 16) 0400caee
1133 REAJ(5,1200) IDIREC,NLINPI,NCHAPI,NCHAPL D410ccce
1200 FORMAT(6IS) 0420ceses
PLTWID=(D3LE(NCHAPL)=-13.000)/08BLE(NCHAPI) D430cenns
N1=NLINPI D4640cene
N2=NCHAPI D450....
N3I=NCHAPL D460ceee
XN1=1.00/7¢2.00¢N1) D47Q....

VYS=1 0‘90'...
NINY=PLTWID D500ccecs
‘(1):NN 0510....

C DSZO...'
IF(KPLOTP.NE.1) GITO 1400 D530ccee
REAI(S5,1300) PYASE D54Q.0..

1330 S0RMAT(D13.d) 0550ccee
1600 IF(KPLOTULNE.T) GOTO 15030 D5604ce..
ARITE(6,1520) IOIIEC,NVLINPI,NCHAPI,NCHAPL 0590ecs

1527 SORMAT(///7/11Xx,°P L O T I NF ORMAT I O N/ D0600cces

PP OIS W SN S W T e
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1 13X,°PLOT ORIENTATION®/ 0610cees @

2 115,5%X,“10IRECeess==1 SMALL PLOT ACROSS PAPER, =+1 °, D620ecs- 3

3 “LARGE PLOT ALING PAPER //13X, LINE PRINTER CHARACTERISTICS’/ D0630ues. ]

4 11X,115,5X, “NUMBER OF JUTPJUT “, D640casn {
5 “LINES PER INCH°/11X%X,115,5X,°NUMBER OF OUTPUT CHARACTERS®., D650eess

6 * PER INCH /11X,I15,5X,"MAXIMUM NUMBER OF QUTPUT °, D660ceae J

7 “CHARACTERS PER LINE®) D670ccee IR

IF(KPLOTP.NE.1) GOTO 1540 0680csas - )
1530 FORMAT(//13x,°PRESSURE PLIOT DATA“/11X,1PD15.4,5X, D700.e..
1 “P3ASE.ee.PLOTTED PRESSURE VALUE IS PRESSURE/PBASE’) D710.ee.
15640 IF(KPLOTU.NE.1) GITO 1580 D720¢sse
IF(ME) 1550,1550,1560 D730¢ess
1550 WRITE(6,1555) UBASE D74Ccaee
1555 SORMAT(//13X, CONCENTRATION PLOT JATA’/11X,1P215.4+5X, D750cees

1 “UBASE..s PLOTTED CONCENTRATION VALUE IS CONCENTRATION/UBASE’) D760.e..

GOTO 1580 D770....
1560 WRITE(6,1565) UBASE 0780.c..
1565 FORMAT(//13X, TEMPERATURE PLOT DATA/11X,1PD15.4,5X%, 0790....
1 “JBASE....PLOTTED TEMPERATURE VALUE IS TEMPERATURE/UBASE’) D80Jcssn
1530 WRITE(6,159) D810caee

1590 FORMAT(//31X,°THE THREE DIGITS PLOTTED ARE THE ONE TO THE LEFT,‘, D820....

1 /31X, AND THE TWO TO THE RIGHT OF THE DECIMAL POINT") D830.sse
. D840.cee
ceeueeSET LONGER PLOT AXIS DOWN (IDIREC=+1) D850eaee
. OR AZROSS PAPER (IDIREC=-1) D860anes

SMALLX=0.00 0870.cee
SMALLY=0.00 D880.cse
8IGX=J.00 0870 csee
8IGY=0.00 0900 ceee
DQ 1630 I=1IN~ C"10-a¢|
IF(XCI).GT.BIGSX) 3IGX=x(I) D920cees
IF(X(I) LTa3MALLX) SMALLX=X(I) D930c.ee
IFCY(I).GT.BIGY) 3IGY=Y(I) 0940cace
IFCY(I).LT.SMALLY) SMALLY=Y(I) 0950ce..
YRANSE=BISY-SMALLY D970cees
TENTHAX=XRANGE/10.300 D980.a..
TENTHY=YRANGS/10.300 D990cass
IF(XRANGE.GE.YRANIE.AVD.IJDIREC.NE.=1) KKKKK=+1 D1000...
IF(XRANGE . GE.YRANGELANDLIDIREZ.EQa=1) KKKKK=-1 D1310...
IF(XRANGELT.YRANSELANDL.IDIREZ.NE.=1) KKKKK==1 D1020...
IF(XRANGE LT YRANGSELAND.IDIREC.EQa=1) KKKKK=+1 01030...
IF(KACKKK,EQ.=1) 3IT0 344 D1340...
XMINSSMALLX-TENTHX 01050...
XMAX=3IGX+TENTHX D1060...
YMIN=SMALLY=TENTHY D1270...
YMAX=3IGY+*TENTHY 0D10804.
GOTU 345 D1090.4s
XMIN=SMALLY=TENTHY 01130,
XMAX=BIGY*TENTHY 01110...
YMINZSMALLX-TENTHX 01120...
YMAX=3ISX*TENTHX B1130...
CONTINUE D1140...
XRANSE=XRANGE#1,.2000 0115J0...
YRANSE=YRANGZ=1,2)300 011¢0...
IFORKKKK L E24%1) NINXT(NINY/YRANGE)I«XRANGE+D.S5D00 01170...
TF(RXAKKEa=1) NINX=Z(NINY/XRANGEDI*YRALNGE+DL.S5ID0 01180...

01190...
INITIALIZEZE PLOT COCRIINATES...RQOTATE [F REJUIRED (WHEN KKXKXK==1) D12504e.
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c SUSRJUTINE C 2 N N E C SUTRA = VERSION 1284-20 H10.cewe

IF(KINCID.EQ.D) GITO 1000
ARITE(6,650) L, (IN(M), M=MT1,M4)
450 FORMAT(11X, SLEMENT?,I6,5%X,° NOODES AT : “,6X,°"CORNERS ‘.,
1 SCIH) ,416,1X,5(1HR))
IFCLL.LT.0) WRITE(6,730)(IEDGE(MI, M=1,4)
700 FORMAT(11X,"EJSES r,4l1s)
1230 CONTINUE
IFC(IPIN.EJ.Q)Y GOTO 53230
IFCIPINLEQLNPINCH=1) 5070 1502
WRITE(6,1450) IPIN,NPINCH
16450 FORMAT(///7/7711%x,"ACTJAL NUM3ER OF PINCn NODJES,“,I14.,
1 ‘s, DIFFERS FROM NUMBER ALLOWED AS SPECIFIED IN INPUT, “,I4//
2 11X,°PLEASE CORREZT INPUT JATA AND/OR JIMENSIONS AND RERUN.”
3 11471777722%,°S T M UL A TION HaLTEDY
4 .

LI R R R e R it R R I

STOP
C
1500 CONTINUE
IF(KINCIDL.EQ.D) GJTO 5000
WRITE(6,3000)
3030 FORMAT(/////711X, “axxa PINCH NODE CONNECTIONS waee’//7X,
1 "PINCH NODE®,17X,°CONNECTED NODES‘///)
DJ «JJ0 I=1,IPIN
300 WRITE(6,4500) (IPINCH(I,NP),NP=1,3)
4500 FORMAT(11X,15,10%X,216)
C
C
5700 RETURN
END

Y3

H620 e e e -9
H630ees
H640cc.e
H650ecae
H660eees
H670 e
H680.ueen
H690 oo
H700e e e
H710e e e
H720....
H730eees
H760ee e
H?750 e
H760e0.
H770ecee
H780ceaw
H790¢eee
H800a4euw
H810eeae
H820ea e
H83C0ee e
H840....
H85Cease
H860eaae
HB870eee
H880....
H890:eww
H9004aew

H610eae. s
1
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5032047 1INz C J NN B < SuTRA =~ veRoluN 1284=-22
3U3RJUTINE C J N N £ C SUTRA = VERSION 1284-2C
PURPISE

TO EAD ,ORGANILZ, AND CHECK DATA QN NOOE INZIDENCES AND
PINZH NODE INTIDJ:EINCES.

SUSRIUVTINE CONNET(INAIPINIH)

IMPLICIT O0u3L: PRECISION (A-H,0-2)

ZOMAON/DIMS/ NNANZANIN/NBILNB,NBHALF NPINCA,NPBC,NUBC,
NSOP/NSCU/N3CN

COMMON/KPRINT/ KNJCAL XKELUNT,KINCIJD XPLOTP,KPLOTU,KVEL,XKBUDG

DIMENSION INININ),IPINCH(NPINCH,3)

DIMZNSION TINCG),IEDGE(L),IK(]3)

JAaTA IK/1,2,2/,3,3,4,4,1/

I570P=0

IPIN=J

IF(KINCID.SQ43) WRITS(6,1)

CORMAT(IMI/Z///11X,"M E S H CONNECTTION O AT A°//
15X, PRINTOUT JF NODAL INCIODENCES AND PINCH NODE °,
“CONNECTIONS CANCELLED.®)

IF(KINCIDLEQ.*1) ARITE(6,2)

SFORMATC(IHI///711X,°M 2 S H CONNECTTION 0 AT A’
F7711X,“eaenne NIDAL INCIDENCES wxxx®///)

INPUT DATASET 22 AND ZHECK FOR ERRORS
00 1220 L=1,NE

00 « I=1,4

IEDGE(I) =0

READ(5,10) LLACIINCII)AII=1,4)
FORMAT(S5I¢)

PREPARE NODE INCIJDENCE LIST FOR MESH, IN,
20 5 II=1,4

III=II+(L-1) w0

INCITID)=TIINCII)

IF(IABS(LLY.EQJ.L) GOTI 25

ARITE(S,20) LL

FORMAT(11X,"ELEMENT *, 16, INCIDENCE DATA IS NOT IN NUMERICAL,

° ORDER IN THE DATA SET’)
[STO2=ISTOP+1
IF(LL.GELD) 50TO 500

READ(S5,30) (IEODGEC(CI),I=1,4)
SORMAT(4I0)

PREPARE PINCH NODE INZIDENCE LIST FOR MESH, IPINCH.
23 233 K=1,4

I=IgduE(X)

IFCI) 200,202,100
IPIN=IPING®T
IPINZHA(CIPINLT)=I

(K1=22K=

XK2=¢K1+1

CKK)I=IK(KKT)

KRK2=IK(KK2)
IPINCZACIPING2)=1TN(KKKT)
IPINIACIPINS,3) =1 IN(KXKL2)
CIUNTINUE

A1z(L=1) ey
W9=Mﬁ’3

HiJeaooa

H10eeaee
H20eaaes
H3D04eaee
HeOaeanse
HSO‘...-
HOO----.
H7?7Deoese
HB8Deeeoe
H9D eeaee
H120 e e e
H110ee e
H120e0ee
H130..0.
H1‘0.lll
H’so-.‘-
H160¢.ce
H170ee s
H180lll.
H190.l..
H200eee
H210..l.
H220.eeo
H230eeew
HZLO...I
H250ease
H260-¢-o
HZ?O...I
H280:eeseo
H290.een
H300aeeao
H310....
H}ZO'.I.
H330.eaee
H}‘O...l
H350ceee
H360ceee
H370eeea
H380eeen®
H}?o-.-.
H‘OO---:
H4100ee e
He200eee
H630eeee
HebOouoo
H650c e
H46040ee
H‘?o...-
H480 a0 e
H‘QOII.I
H500eeae
HS1OI..-
H520ee«s
HS}O.I‘.
H5604ess
H550easee
H560ccea
H570e e
H58Ceeea
H590¢4ee
H6J0eaww
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c SUBROJTINE 0 3 S E R v SUTRA - VERSION 1284-20

WRITE(6,300) (I0BS(JUJI),JJI=1,NDOBS)
300 FORMATC(11IX,16(3X,16)))
IF(JSTOP.EQ.Q) GOTO 430
CoeeeaeaEND SIMULATION IF CORRECTIONS ARE NECESSARY IN DATASET 21
WRITE(6,350) IOB,NOBS
350 FORMAT(///7/711X,°ATUAL NUMBER OF OBSERVATION NODES’.,
1 ° READ, “+,IS5,°, IS NOT EQUAL TO NJMBER SPECIFIED IN’.,
2 * INPUT, °“,I5//7711X,°PLEASE CORRECT DATA AND RERUN.‘,
3 11177171717122%X,°S I M UL ATI ON H ALTETD/
4 22X, e e e e e e e e e e e e e e e e e e e ceeeen—en ‘)
STOP
400 RETURN
C
CeeeseMAKE OBSERVATIONS EACAH NOBCYC TIME STEPS
530 CONTINUE
IF(MOIDCIT,NOBCYC) eNEeJeANDIT . GT.1.AND.ISTOP.EQ.O0) RETURN
IF(IT.EQ.D) RETURN
ITCNT=ITONT*1
ITOBSCITCNTY)=IT
IBSTIMCITCNT)=TSEL
0O 1200 JJ=1,NOBS
1=1085(JJ)
POBS(JJ,ITONT)=PVEC(I)
U0BS(JJ,ITCNT)=UVEC(ID)
1000 CONTINUE
RETURN
o
CeoeeaQUTPUT OBSERVATIONS
5330 CONTINUE
MN=2
IF(MZ.EQ.=1) MN=1
JJ2=3
ML OOP=(NOBS+3)/4
00 7200 LOOP=1,MLIOP
JJ1=J32+1
JJ2=J0J42+4
IFC(LOOP.EQ.MLOOP) JJ2=NOBS
WRITE(6,5999) (I08S(JJ),JJ=0J1,0J2)
5999 FORMAT(1H1///5%x,°) B S E R v A T I1 0 N ‘s,
1 ‘N 0 D E O & T A°/77/23%x,4(:8%X,°NODE *,15,8x))
WRITE(6,6200) (UNSERS,JuU=0J1,4J2)
6700 FORMAT( 23X,4(:8X, A10 ’ 8x))
ARITECH,6021) (UNAME(MUN) »JJ=JdJ1,342)

6Jul FORMAT(/1IX,"TIME STEP 46X, " TIME(SEC) ,6(:2X, " PRESSURE",3Xx,A13))

20 6500 ITT=1,ITCINT
ARITE(S,6100) ITO3SCITT),IBSTIMCITT),

1 (PIBS(JI,ITT),U08SCJU,ITT)VrII=401,002)
5130 =23R4AT(5%x,15,1%,1°P012.5,8(1x,1P012.5))
653 CTONTINUE
7300 TONTINUE

RETURN

O

END

G10-¢¢¢- Ejt‘.t.'

G610cees

6620cean - - @
G630.ceee

G640euee

G650ccse.

G650caes A
G670auve N
G680..ce v ,.’
G690..-- -
G700.e..
G710cees
G?720ce.-.
6730....
G?40....
G750aene
G?éo. e e e
6770ce.e
G?so. o s e
G790...e
6G800...
G810. LI BN )
GBZO...Q
6830cewn
G840....
6850....
G860..-.
6870cesn
G88Qeesn
6890..-.
G900.cee
6910cece
G920eees
G930.c..
6940cens
G9So. e e e
6960. a8 e
G970c¢aes
G980eaee
G990....
61000...
61210...
6G1020...
G1030...
6G1040...
61350...
6G1060...
61070...
G1380...
61090...
G1100...
6G1110...
61120...
G1133...
6114040
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Z 3U3RJUTING 0 3 5 © R Y suTRA = VERISIUN 1284=20 G10cease

z SU3BRIUTINE 0 3 S E R V SUTRA = VERSION 1284=20 G1Jd..... _®
c 6G2leaess :
C wxw PURPISE : 630acesns
C *==«» (1) TO READ AND JRGANIZE OBSERVATION NOQOJOE D2ATA G4élenneae
I wwe  (2) TO MAKE OBSZRVATIONS ON PARTICuLAR TIME STEPS 650cca..
S ew«  (3) TO OUTPUT 03SERVATIONS AFTER COMPLETION OF SIMULATION 65Jceaca
C 57Jeenes
SUBRJUTINE O03S5ERV(ICALL,IOBS,ITOBS,PIBS,J035,08STIM,PVEC,UVEC, G8Decana
1 ISTOP) G90.ceees e
IMPLICIT OOU3LE PRECISION (A=4,0=2) 6100.... -
CHARACTER®13 UNAME(2) 6110cense Y
CHABARACTER®*10 UNDERS 5120case -
COMMON/DIMS/ NN/NZ/NIN/NSI/NB,NBHALF,NPINCH,NPBC,NUBC, G130e¢...
1 NSOP,NSOU/N3CN G140ceee -
COMMON/CONTRL/ GNJ,UP,DTMULT,DTMAX,ME,ISSFLO,ISSTRA,ITCYC, G150ccse -‘i
1 NPCYC,NUCYC,NPRINT,IREAD,ISTORE,NOUMAT,IUNSAT G160eace -”i
COMMON/TIMEY JELT,TSEC,TMIN,TAHOUR,TODAY,TACEK,TMONTH,TYEAR, G170eees
1 TMAX,DELTP,DELTU,DLTPM]1,OLTUMT, IT,ITMAX G180acse
COMMON/OBS/ NOSSN,NTO3SN,NOBCYC,ITCNT 6190ea..
DIMENSION IND3(16) G200eaes o
JIMENSION IO3S(NO3SN),POBS(NOBSN,NTOBSN),UOBS(NGBSN,NTOBSN) , 6210caes Y
1 O3STIMINTIBSN) ,ITO3SINTOBSN) ,PVEC(NN),UVEC(NN) 6220ccae —
DATA UNAME(1)/°CONCENTRATION®/,UNAME(2)/° TEMPERATURE®/, G230ecen o
1 U\‘DERS,' __________ ./l GZ‘O'.--
1 ITCNT/J002/ 6250e0as L
c 6260cees P
CeeeeaNIBS IS ACTUAL NUMBER OF J3SERVATION NODES 6270eane 2]
Teees«NTOBS IS5 MAXIMUM NUMBEZR OF TIME STEPS WITH OBSERVATIONS 6280aaas [ )
NJIBS=NOBSN-1 6290ccae A
NTOBS:NTOBSN-Z 0300--.. e
IFCICALL=1) 53,500,5020 G310caee -
C GSZO--.- -"_--'4
Ceeeees INITIALIZATION CALL 6330aees S
Ceeaees INPUT DATASET 21 G340cea. =
50 CONTINUE 6350ees. B
JSTOP:O 6360-... ‘ '__‘.:i
WRITE(6,60) G370eess S
60 FORMAT(////11%,°0 8 S E R Y AT TION NODE ST 6380aase )
READ(5,65) NJBCYC G390ec.oe NS
55 FORMAT(ITQ) G400e.cse 1
70 FORMAT(//11X,°«#«e NOJES AT WHICH OBSERVATIONS WwILL 8E MADE®, 6620ea.s -
] ° EVERY®,15,° TIME STEPS %aan’//) 6430caae -
NTOBSP=ITMAX/NOBCYC GbOuean
IF(NTOBSP . GT.NTO3S) WRITE(6,80) NTOBS,NTOBSP,ITMAX 5450caee S
380 FORMAT(//11X,°~ 4 A& R N I N & ="711x, G460caes EN
1 “NUMBER OF OBSERVATION STEPS SPECIFIED ‘,IS5., 6670cavce ~
2 ‘s IS LESS THAN THE NUMBER POSSIBLE “,I5,°,°/ G480.... nJj
3 11%,“WITHIN THZ MAXIMUY NUMBER OF ALLOWED TIME STEPS, *,I15,°.°7/6490ce.. L
o 11X,°PLEASE REZONSIRM THAT OBSERVATION COUNTS ARE CORRECT.*/7) 5500eaae
150 FIIMAT(ISIS) 6520ce..
1J3=) 6530ccen
33 230 JJ=1I13 GS‘O--.. N
IFCINIB(JJ).22.3) GOTI 25D 5550000 _.
103=1J3+1 6560eaas -
1J35C103)Y=INJ3(4J) 6570 cen. o
259 CONTINUE 6580¢sa. e
IF(I28.LT.NO3S) 52T0 100 6590as.n R
250 IF(IJB.NE.NO3S) J5T0P=1 6600+... S
L
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< SUBRIJUTINE 8 2 U N O SUTRA =~ VERSION 1284-20 F10.....

o

(@)

6730 IF(IP3CT.EQ.~1.0R.IUBCT EJ.-1) WRITE(6.,70020)
7330 FORMAT(////11X,°THE SPECIFIED TIME VARIATIONS ARE
T IME

1 “JSER-PROGRAMMED IN SUBROUTINE

RETURN
END

8

L

)

F1210...
F1220...
", F1230...
F1240...
F1250...
F1260...
F1270...
F1280...
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g
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z SU3RIITING 3 3 U w 2 SUTRA = VeRSION 1284=20 F1Juus.. e

216 SQRMAT(//11X,°TIME-DEPENDENT SPECIFIED PRESSURE®/12X,"0R INFLOW *,F610.... °
1 “TEMPERATJRE INDICATED /12X,°BY NEGATIVE NODE NUMBER®) F620ece. TETA
C FOobOauwas
IF(ME) 500,523,552 F6500nen R
530 WRITZ(6,1200) €060.ceas S
10350 FORMAT(//77711Xs " *nxnx NODES AT WHIZH SOLUTE CONCENTRATIONS ARE “, FO070ccsee ]
1 “SPECIFIED TO BE INDEPENDENT OF LOCAL FLOWS AND FLUID SOURCES’,F680....
2 S awxx’//12X,°NODE 13X, CONCENTRATION"//) FE90eens
30T0 1120 F700cce.
550 WRITE(6,1301) F710eeas
1301 FORMAT(////11X,"«xxx NODES AT WHICH TEMPERATURES ARE ., F7200cns
1 “SPECIFIED TO 3E INDEPENUENT OF LOCAL FLOWS AND FLUID SOURCES /F730eee.
2 T xwnx”//12X, NODE“ 15X, " TEMPERATURE //) F760caes
c F750ceaa
ZTeees<INPUT DATASET 20 £760ec0ee :
1120 IPu=IPU+1 F770c0e- .
READ(S5,153) IJBCLIPU), UBC(IPU) F780c.ces
IF(IJBC(IPU)L.EQ.D) GOTO 1180 F300easa w0
IF(IJSC(IPU).GT.0) WRITE(6,1150) IUBCCIPU), UBCCIPY) F810casus '“‘iﬁ
IFCIJBCCIPU).LT.O) WRITE(6,1150) IUBC(IPU) F820cees ——
GOoTO 1120 F840caes o
1180 IPU=1PU-1 F850cees :-51]
IU=I”y-1IP F860caan ]
IF(IJU.EQ.NUBC) GOTO 1200 F870ccen RN
I5ToPU=1 F88Q0cas- !
1200 IF(IJBCT.NE-") GOTO 2000 F890.-.- - .'_-.
IF("E) 1205’1205’]215 F900---o oL
1205 WRITE(6,1206) F910ccen Lo
1206 SJORMAT(//12X,°"TIME~DEPENDENT SPECIFIED CONCENTRATION/12X,°IS “s F920c.ee. ]
1 *INDICATED BY NEGATIVE NODE NUMBER®) F930eeus R
50T0 2000 F940e¢.ces —
| 1215 WRITE(6,1216) F9500eee ... @
1216 FORMAT(//11X,"TIME~-DEPENDENT SPECIFIED TEMPERATURE®/12X,°1S °., F960cess - }ﬂ
1 “INDICATED BY NEGATIVE NODE NUMBER®) F970cene L
c F980.aee )
CeoeessEND SIMULATION IF THERE NEED BE CORRECTIONS TO DATASET 19 OR 20 F990eces e
2300 IFCISTOPP.EQ.O.AND.ISTOPU.EQ.J) GOTO 6000 F1000... Lo
IFCLSTOPP.EQ.1) WRITE(6,3300) IP,NPBC F1010... - .‘
30300 FORMAT(////11X,°A-TUAL NUMBER OF SPECIFIED PRESSURE NODES’. F1020... yd
1 ° READ, ",15,°, IS NOT EQUAL TO NUMBER SPECIFIED IN’, F1030... RO
2 °* INPUT, °*,I5) F1040...
IF(MZ) 3533,3500,4600 F1050...
3500 IFCISTOPU.EJ.1) WRITE(6,4300) Iu,NUBC F1060...
4300 FORMAT(////11Xx,"ALTUAL NUMBER OF SPECIFIED CONCENTRATION NODES‘, F1070... S
1 * READ, *,IS5,°+, IS NOT EQUAL TO NUMSER SPECIFIED IN°, £1080... )
2 ¢ xNPUTI 'IIS) F‘OQO.-- : t
5070 4800 F1100...
«5)) IFCISTOPU.EQ.1) WRITE(6,4700) IuU,NUBC F1110.44.
4730 FORMAT(///711X, ACTUAL NUMBER OF SPECIFIED TEMPZRATURE NODES’, F1120. ..
1 ° REAaD, ",IS5+°, IS NOT EQUAL TO NJUMBER SPECZIFIED IN‘, F1130...
2 ‘ INPUTI .IIS) F11{00¢-. =
5330 FORMAT(////11%,"P_EASE CORREZT OATA AND RERUN.////1111 F1160...
1 22%,°S I 4 4y L AT I ON H AL T E O°/ F1170¢.e
2 22%,° ) F1180...

’1
____________________________ L
ENDFILE(S) F1190... T
STOP F1200... J
L J
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o C SUBROUTINE B 0 U N O SUTRA - VERSION 1284-20 F10..... L
't c SUBROUTINE 8 2 U N D SUTRA = VERSION 1284~20 F10eeoes-. -
€ ¢ F20uenss - -9
> C %a%x PURPISE : F30eaoee T
C #x* TO READ AND ORGAVIZE SPEZIFIED PRESSURE DATA AND F4D0enns ’
C wxx SPECIFIED TEMPERATURE OR CONCENTRATION DATA. F5%caasa |
"‘. : Féo.l.l. .
. SUBRIUTINE BOUND(IPBC,PBC,IUBC,UBC,IPBCT,IUBCT) F70ecaca
ﬁi IMPLICIT DOUBLE PRECISION (A=H,0-2) F8Dueoesna
o COMMON/DTIMS/ NN,NE,NIN,NBI,NB,NBHALF,NPINCH,NPBC,NUBC, F9Jeueose
- NSOP,NSOU,NSCN F100seaa
L COMMON/CONTRL/ GNUJU,UP,DTMULT,IOTMAX,ME,ISSFLO,ISSTRA,ITCYC, F1100cas
i NPCYC,NUCYC,NPRINT,IREAD,ISTORE,NOUMAT,IUNSAT F120ec.-
s DIMENSION IPBCUNIIN),PBCINBCN) »TUBCINBCN) ,UBC(NBCN) F130....
. c F140cee.
‘ z F150cees
IPBCT=1 F160ecss ]
IUBCT=1 F170cens ‘
I15T0PP=Q F180accca
ISTOPU=0 F190c.c.. )
IPU=) F200.a-- 1
WRITE(6,50) F210eass
| SO FORMAT(IH1////11X,°8 D U ND A R Y CONDITIONS F220ceen
’ IF(NPBC.EQ.0) 50TD 402 F230eane R
WRITE(6,100) F240ecas o
100 FORMAT(//11X%X, " %*#x%x« NODES AT WHICH PRESSURES ARE’, F250c0cs e
° SPECIFIED wwxx°/) F260cce- T
IF(ME) 107,127,11% F270e... DR
. 107 WRIT=(6,108) F280cces E ;
108 FORMAT(11x,° (AS WELL AS SOLUTE CONCENTRATION OF ANY° F290.ees —_—
1 716X,° FLUID INFLOA WHICH MAY OCCUR AT THE POINT’ F300case L
2 /16X,° OF SPECIFIED PRESSURE)“//12X,"NODE‘,18X, PRESSURE”, F310acae
» 3 13X, "CONCENTRATION'Y?/) F320cae.
:': GOTO 120 F}}O....
" 114 ARITE(6,115) F340c0ee
i 115 FORMAT(11x,°* (AS WELL AS TEMPERATURE [DEGREES CELCIUS] OF ANY F350..e.
- 1 /16X,° FLUID INFLOW WHICH MAY OCCUR AT THE POINT’ F360aasca
B 2 /16X,° OF SPECIFIED PRESSURE)"//12X,"NODE’,18X, F370cee-
- 2 ‘PRESSURE ,13X,° TEMPERATURE /) F380ccss
o F390ceeaa
CeoeaeseINPUT DATASET 14 F4eDOeoew
120 IPu=1IPU+1 Fe10cen.
READ(5,150) IPSC(IPUY,PBCC(IPU),UBC(IPUY) Fe20easee
150 FORMAT(IS5,2G20.0) F430eaas
i IF(IPBC(IPU) LT,Q) IP3CT=-1 F4abOenaa
. IF(IPBC(IPU).ED.D) GOTO 180 F450cees
‘ IFCIPBC(IPU) GT.0) WRITE(6,150) IPBC(I® ).23C(IPU),URC(IPY) F4b60aoca
IFCIPBCCIPU).LT.0) WRITE(S5,1563) IPBC(IFL) F4e70000e
P 163 FORMAT(11X,15,4%x,1PD23.13,6X,1P220.13: F480aeaa
50T0 1206 Fa9Oueeon S
130 lpu=IPU-1 F500eess B
IP=12y F510cees R
IF(IP.EZLNPRZ) GOTD 220 F520eens o
I5T0PP=1 F530c0ns L
230 IF(IP8CT.NEL=1) 50TQ 400 FS40caee .*.l
(] IF(ME) 205,233,215 F550.aan .
205 WRITE(6,235) F5600asn 3
206 S RMAT(/ /124, T IM2=0ZPEYDINT SPELIRIED PILS L0245/ 22 "0R INFLOW “#F570cuan ]
1 TIONOENTRATION INOICATED*/12K,°3Y NEGATIVE o o LJ48:R°) 530 0an "
. 3070 =Ju F590cens T
. 215 ARITE(5,218) F6I0awnn )
“' S °
[ { o - ® . oy N I S ) " L g P




1760 WRITE(S,1770) NIQU,NSJUIL £123J... -
1770 FORMAT(////711X,°THE NJUMBER OF ENERGY SOURCE NODES READ, “,I5., €1240... R

1890 IF(IJSOUT.EQ.=1) ARITZ(6,900) €1310...

b
A

I

9300 RETUIN E1330... ]

e L .
k-_"s.;a.;s.‘.t__-‘;.

SU3RIJUT NG 5 4 Yy R C < SUTRA = VeEROIUN 1286=¢J Z1Jeaeas

ENDFILE(6) £1210... ®
STOP £1220... =

1 ° IS NOT EQUAL TO THE NUMBER SPECIFIED, *,15/111 E1250...
2 11X,°PLEASE CORRELT DATA AND RERUN////71111 £1260...
3 22X,°S I 4y LATTION A AL T E DY/ E1270...
IQ ZZXI. _________________________________ ') 81280.-. '.‘i
ENOFILE(S) £€1290... s
STOP E1300...

£1320...

E1340... sl
END E1350... -
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SUBRIJJTINE S 3 U R C

m

650 WRITE(6,500) IJC>,QINC,UINC
S50l FORMATC(IIX,I10,13%,1Pc14.7,16X,1PE14L.T)
%03 GOT0 300
7030 IF(NIQP.EQ.NSOPI) GOTD 892
CeeeeeEND SIMULATION IF THERE NZED 3E CORRECTIONS TO DATASET 17
WRITZ(6,750) NIQP,NSJPI
750 FORMAT(////11X,°THE NJUMBER OF FLUID SOURCE NODES READ, °,IS,
1 “ IS NOY EQUAL TO THE NUMBER SPECIFIED, °‘,1S5/71/
2 11X,°PLEASE CORRECT DATA AND RERUN®///1/1111
3 22X,°S I M U L ATION
3 2 2K e e e e e e e e e e et
ENDFILE(S)
STOP
390 IFC(IJSOPT.EQ.~1) ARITEZ(6,%00)
900 FORMAT(///7711x,°THE SPECIFIED TIME VARIATIONS ARE °,
1 *JSER-PROGRAMMED IN SUSROUTINE B8 CTIME.")

e Nal

1000 IF(NSOUI.EQ.D) GOTO 9300
IF(ME) 1050,1059-,1150

1350 WRITE(6,1100)

1130 FORMATC(// /17471711 %,°S O L U T E S OJURCE D ATAC
/711711X, ex2x NODES AT WHIZH SQURZES OR SINKS OF SOLUTE °.,
“MASS ARE SPECIFIED x#x%"//11X,°NODE NUMBER’,10X.,
“SOLUTE SJOURCE(*)/SINK(=) /11X, " (MINUS INDICATES ,5X,
“(SOLUTE MASS/SECOND) /712X, TIME-VARYING*/12X.,
“SOURCE OR SINK)“//)

GOTO 1300

1150 WRITE(6,1200)

1200 FORMAT(///17177/11X,°E N E R 3 ¥ S OQURCE D AT A’

/17711%X, *2xx NODES AT WHICH SQURCES JR SINKS OF 7,

“ENERGY ARE SPECIFIED #%x%x°//11X,°NODE NUMBER’,10X.,

“ENERGY SOURCE(+)/SINK(=)*/11X,°(MINUS INDICATES ,5X,

“CENERGY/SECOND) “ /12X, "TIME-VARYING /12X,

*SOURCE QR SINK)“//)

AV R VR SR

WV & WA -

o
Ceeaos INPUT DATASET 13
1300 CONTINUE
READ(S5,400) IQCU,JUINZ
IFCIJCU.EQ.Q) GOTO 17J0
NIQU=NIQU#+1
IGSOJINIQUY=IQCU
IFCIQACULLTLO) 1QSJUT=-1
IQU=IABS(IQCY)
JUINCIQU)I=QUINC
IFCIACULGT.O) GOTI 1450
WRITE(6,1500) IQCJ
GOTO 1600
1450 WRITE(S,1500) IQCJ,JUINC
1530 FORMAT(11x,1I13,13X,1PE14.7)
1530 53710 1330
1730 IF(NIQU.EQ.NSOUI) GOTD 189D
CeeaesEND SIMULATION IF THERE NEED BE CORRECTIONS TO DATASET 18
IF(ME) 1740,1740,1762
1740 WRITE(6,1750) NIQJ,NSJUI
1750 FORMAT(////11%x,°THE NJUMBER OF SOLUTE SOuURCE NODES READ, “,15.
IS NOT €JUuAL TO THE NUM3IER SPECIFIED, “,1S7/71/
11x,°PLEASE CORRECLT DATA AND RERULN‘///7/7111/
22x,°S 1 wyu L ATI ON 4 AL T E D/
22%x,° °)

& W -
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SUBRIUTINE

SU3RIJUTINE

*x® D JRPISE :

sxe TO RZAD AND ORGANIZE FLUID MaSS
«xe  SOLJTE MASS SJDURZE DATA,

TR N YT w

S SUTA - VERLIUN

£ SyTRa -

S0URCE J4aTA AND ENZRGY 2R

SUBRIUTINE SOJURCE(QINAUINSTQSIP,IUIN,IQSOU,I2SOPT,TIQSOUT)
IMPLICIT OJ0U3LE PRECISION (A=+4,0-2)
COMMON/DIMS/ NNANC/NINSNBISNB,NBHALFANPINIH,NPBC,NUBC,

1 N30P,NSOU,

COMMON/CONTRLY/ GNJ,UP,DTMULT,OTMAX, M, ISSFLO,ISSTRALITCYC,

N3CN

1 NPCYC/NUCYC,NPRINT,IREAD,ISTOREANOUMAT,IUNSAT

DIMZNSION QINCNN) A UINCNN),I4SIP(NSOP),QUINCNN),IQSOUINSOU)

eeesNSOPIL IS5 ACTJAL NJUMBER OF FLUID SOURCE

NJDES

1223-23 E12.00ee

ees«NSO0UI IS ACTJAL NUMBER OF SOLJTE MASS OR ENERGY SOURCE NODES

N3QPI=NSQP-1
NSQUI=NSOuU-1
1350PT=1
12S04T7=1
NIQP=0
NIQu=J

IF(NSOPI.EQ.J) GOTO 1300

IF(ME) 50,50,
50 ARITE(6,100)

130 FORMAT(IHI////11X,°F L U I O
77/7711X,°anex NODES AT WHICH FLUID INFLOWS OR QUTFLOWS ARE °
“SPECIFIED «##x°//11X, " NODE NUMBER’,10X.,
TFLUID INFLOWC+)/O0JTFLOW(~)",5X,"SOLUTE CONCENTRATION OF°
/11%,° (MINJS INDICATES ,5X, “(FLUID MASS/SETOND) ",
12X, INFLOWING FLUID®/12X, "TIME=VARYING ,39X,

“(MASS SOLUTE/MASS WATER) /12X, °FLOW RATE OR"/12x.,

~NO WVE W -

“CONCENTRA
53370 300
150 WRITE(S,200)

2J0 FORMAT(INMI////11X,°F L U T D
17/1711Xs"axxx NODES AT WHICH FLUID INFLOWS OR OQUTFLOWS ARE °
“SPECIFIED *»*«’//11X, NODE NUMBER ,10x,
“SLUID INFLOWC®)/OJUTFLOW(=)",S5SX,"TEMPERATURE [(DEGREES CELCIUS]”
/11X, (MINUS INDICATES®,5X, (FLUID MASS/SECOND) ,12X,
“OF INFLOWING FLUID /12X, "TIME=-VARYING /12X,°FLOW OR" /12X,
“TEZMPERATURE) /7))

O W& Wiy =

150

TION)"//)

CTeeeesaINPUT DATASET 17

330 CONTINUE
READ(5,400)

I3CP,AINC,LUINC

43) =0RMAT(IN10,2515.0)

IF(IJICP.EI.Q)
NIQP=NIQP+1

507) 702

TWSOP(INIQP)=IQCP

IFCIACPLLT.LOY IQSOPT=-1

I1iP=1ABS(IQCP)
JINCIGP) =QINC
JINCIIP)=UINT
IF(IQJCP.GT.D)
ARITE(6,500) [
30T9 020
IF(IINC.5T. D)
ARITZ(6,530) I
5373 533

30T 45D
3CP

3072 4582
ACP,QINC

S OURCE

S OURCE

330

0 AT A’

DATA A’

VERSION 1284-20 E10.....

’

,

E2Jeeeea
E3Deeana
E“o.....
ES5Deeoan
£E0Jevees
E?Ol.l..
£80cenes
E9)eenas
EIOO....
6110....
£120eees
E130.l.l
E140cease
E150ccee
E‘éo....
E‘?o‘...
E180..I.
E190ccse
EZOO.I.-
E210.'..
EZZO....
5230....
E240ceee
E250ccce
5260-.‘.
EZ?O-I.. “_ 4
EZSO..I. .‘

629001-0 T‘-
E300ce.e. -
Es‘o....
Eszo....
E330cese N
E340cc.0e —
ESSO....
6360..-.
5370---- S
ESSO. LI ) "3’ ':-.‘
5390. e ee :-";-:'A
E400eeas o0
E410ceces R
E“Zo..-.
E430eeee
E“o....
E“so“..
E4b604..e
E“?O....
5480....
E‘qo...I
E500¢...
€510ceee
ESZO..I.
E530.e..
ES40ceee
E550caes
E560cces
E570¢e..
6580.".
€590.. .
E6J30...s




h‘_'
b
<
v

K

iy it
v, . ey

’

MR e

3 S

C SUBROUTINE P L O

WRITE (6,80) (TITLEC(I,NP))

~
-

RETURN

C
CI..‘IFORMATS
40 FORMAT (°1°)
80 FORMAT (°0°,41X,1430)
END

T SUTRA = VERSION 1284+-2D0 D010cesss
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03010...
03020... _
03030... ]
03340... T
D3050...
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03070... -
D3080...
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137

149
142

142

147

141

143

146
144

145

150

160
170
130
170

290

210

it Jat St i el it T i -

S5u3RIUTINE P . 0 T SuTRrRA

22 153 J=1/,NJS

IF (N(J).EQ.K(JI)*1) GO TO 150
IF(I.3T.1) GO TO 137
IFCXX(N(JI)LELLI*XNI*#XSF) GO TO 137
NCJ)=NC(J) +1

30 T2 135

IF (XXINCII) GLELI#XNTAXSFLOAND XXINCI)) JGELLZ-XNI*XSF) GO TO 140
GO T3 150

M=NR+J.500- C((YY(NCJ))I-YMIN)I®N2)/YSF
OELYC= CCYYON(J))=YMIN) «N2) /YSF
M=NR+J.500 - DELYS

REVERISE SIGN OF YY (I.E. REVERSE
54P4 IS TO 3E TRANSPISEDQ..es
IF(KKKKK.EQe=1) M=0.500 + DJELYC

PLOYTING OIRECTION) IF

IF(MoLT.0.0R.M.GT.NR) GO TO 1645
IFCCCINCJIININ62,166,147
IF(MJNEL.O) PRNT(M)=SYM(16)
NUM=(=-CC(NCJ))+.00500)+10.00

GO TO 141
NJM=(CC(NC(J))+0.20500)»100.00

IF (NUM.GT.9799) NuM=MJID(NUM,120])
IFCNUML.LT.100) GO TO 143
INOX3=NUM/10)

IF (MaNEJQAND.CCUN(J)) «GT.0.) PRNT(M)=SYM(INDX3)
NUM=NUM=-INOX3+100
INDX1=MOD(NUM,10)

IFCINDXT.EQ.J) INIX1=10
INDX2=NUM/10

IFCINDX2.EQ.D) INDX2=10

50 T 144

INDXT1=14

INDX2=14

PRNT(M+1)=SYM(INDX2)
PRNT(M+2)=SYM(INDX1)

NCJ) =N(J) +1

IF (N(J).EQ.X(JI)*1) GI TO 150

IF (XXOINCJ))aLEZ*XNTAXSF ANDJXXINCJ)).GELZ=XNI1*XSF) GO TO 140
CONTINUE

PRINT AXES,LABELS, AND POINTS

IF (I-NA.EQ.J) GO TO 170

IF (I-NBBR.EQ.J) 53 TO 180

IF ((I=1)/N12N1=-(I-1)) 193,162,190

ARITE (6,VF1)(BLANK(JI)»7J=1,NC),(PRNT(J)rJI=1,NB),NXC1+(I=1)/N1)
30 12 200

WRITE (6,VF2)(BLANK(J)»J=1,NC),(PRANTC(J),J=1,N8)
50 T2 200

ARITE (6,VF2Y(BLANK(J)»J=1,NC),(PRNT(J),J=1,N8)
50 T2 200

WRITE (6,VF2)(ALANK(J),J=1,NCY,(PRNT(J),JU=1,N8)

COMPUTE NEW VALUE FOR I AND INITIALIZE PRNT
1=1-2.00+XN1*XSF

20 210 J=1,N8

PRNT(J)=5YM(11)

CeeeesNUMBER AND LABEL Y AXIS AND PRINT TITLE

WRITE (6,VF3)(BLANK(J) »Jd=1,NC),(NY(I),I=1,NG)

328

- VZRSION 183‘0-80 D‘gtcoio

02410...
D2420...
oz‘so. LN
D26440...
D2450...
02‘60...
D2470...
02480...
02490...
02500...
02510-..
02520...
02530...
DZS“D. e e
02550,
02560...
02570...
D2530...
02590...
02600...
02610...
02620...
02630...
02640...
DZéSO.I.
02660l e
02670...
02680..'
02690..I
02700...
02710...
02720...
02730...
027400..
DZ?SO...
D2760...
02770...
02780.-.
02?90...
D2800...
02810...
02820...
Dzsso.-.
02840...
02850...
ozsoo.l.
02870...
02880...
02890...
02900...
02910...
0292C...
02930. e e
02940...
02950.. L]
02960...
02970-'.
02980...
02990...
030000 e
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SJUBRIUTINE P L 0 T

INDEX(KK)=TEMP3
YY(KC)=TEMP]
30 XX(K<)=TEMPII
90 CONTINUE
C
CoeaeesOMPJTE LABEL NUM3ERS FOR X AND Y AXES
00 12J I=1,NEE
NNX=\5-1
NNY=VNo-1
IF(NVY.LT.0) GO TD 95
NY(I)=YSFaNNY+YMIN
IF(KKKKK.EQ.=1) NYCI)=SYMIN®(I=1)*YSF
95 IF(NNX.LT.J) 30 T2 100
NXCI)=XSFANNX+XMIN
100 CONTINUE
o
CaaeceeSET JP PLOT OF MESH
DO 105 I=1,NN
105 CVEC(I)=1+«00.010000

OO0

CeeaesENTRY FOR PRESSURZ AND CONCENTRATION OR TEMPERATURE PLOTS

C-...-

1 CONTINUE

C eseeeNORMALIZE VARIABLE TO BE PLOTTED
CCNORM=1,000
IF(NP.EQ.2) CCNORM=PBASE
IF(NP.GT.2) CCNORM=UBASE
DO 2 I=1,NN
2 CCUII=CVECCINDEXC(LI))/LCNOQRM

c
Caewoos INITIALIZE VARIABLES
I=xXMAX
WRITE (6,40)
00 13 I=1,NDS
10 N(I) =1
J0 210 I=1,N&
c

CesoseelLOCATE X AXES
IF (T.EQJe10R.ILEQ.NG) GO TO 110
20 116 J=1,N8,N9
114 PRNT(J)=SYM(15)
c
CeoeesLOCATE Y AXES
IF ((I=1)Y/N1T#N1.N2LI-1) GO TO 117

115 PRNT(1)=SYM(14)

PRNT( N8)=SYY(14)

117 IFC(I=1)/N7eN7_NELI=1)
30 1138 J=2,NR
IFCCJI=1)/NO#NF L EQ.J=T)PRNT(J)=SYM(17)

118 IFC(J=1)/NIANI . NELI=T)PRNT(J)=SYM(16)
GO0 T2 130

110 20 123 J=1,N8
IF ((J=1)/N2*N2.Eu.J=1)

120 IF ((J=1)/N2«N2 ,NE,J=1)

G0 T0 130

PRNT(J)I=SYM(14)
PAINT(J)=SYM(16)

eeoweCIOMPJTE LOCATION JF PJINTS
327
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SUTRA = VERSION 1284-2D0 D1Jce.ee
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D2350... S
02360... o
123704,
02380...
2390 ...
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«

(NOTZ: YY PLOTS AZR0OSS PAGE, XX PLOTS ALONG PAGE)
IF (XKKKK.S3.=1) 50T0O 361

00 352 I=1,NN

XxX(I)= x(I)

YYy(Ilj)= Y(I)

4
S
s
-
L.,
= 362 INDEX(I)= I
o 50T0 368
361 20 353 I=1,NN
-8

XXCI)=+Y(I)
) YY(I)=+x(I)
., C NOTE THAT THE SIGN OF YY IS REVERSED LATER
' IN ORJER TO COMPLZTE THE ROTATION

Sanl
.

"

S

363 INDEX(I)= I

h 308 CONTINUE
[

[aNe]

eeees INITIALIZE VARIAB_ES
NXD=NXS=NINX
NYD=NYSANINY
) IF(NXD.GE. ((NYD+1)/2)) GOTO 11
: NINX=1+((NYD=1)/(2%NXS))
®

NXD=VXS*NINX
11 XSF=XRANGE/NXD
YSF=YRANGE/NYD
. IF(KKKKK.EQ.*1) GITO 12
- XSF=YRANGE/NXD

[~ - Y3FzXRANGE/NYD
12 CONTINUE

*. NG=NXD#NT+1

i N3=NXD+1

~ N6=NYD+1

. N7=N1*«NINX
. NB=N2ANYD+1
NI=N2#NINY

NR=N8~-1

E NASNG4/2-2
NBBZNL/2+4

t NC=(N3-N8=-1Q)/2

3 ND=NC+N§8

' NEE=YMAXO(NS,NG)

[ VF1(3)=DIGIT(ND~4D)

i

VF2(3)=0IGITI(ND=4D)
« VF3(3)=0IGIT(NC)
' Cevees ARRANGE EACH OATA SET IN DESCENDING VALUES OF X

DO 923 L=1,NDS

NNN=<(L)
- . DO 3) I=1,NNN
A 831G=xx(I)

KK=I
;. DO 2J J=I,NNN
IF(XX(J).5T.3I3) 30 7O 15
. 50 7Y 20
b 15 BIG=XX(J)
XK=J

29 CONTINUZ
a TEMPI=YY(I)
TEMPII=XxX(I)
TEMP3=INDEX(I)
YYCI)=YY(KX)
XXCI)=xX(KK)
INDEXCI) =INJEX(KK)
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. sudxsulive 3 4 \ ~ i J SuiTRA = vzR3IUY 1cde-¢0D
: SU3RIJUTINE 3 2 N oW I 0 SUTRA - VERSION 1284-20
T xx% P RPISE

T oexa  TO ZALCULATZ AND CHEZK SAND WIOTH 9F FINITE ZLEMENT MESH,

SUBRIUTINE BANAIDCIN)

IMPLICIT J0u3Ls PRECISION (A-41,0-2)

COMMON/OIMSY/ NNANZ/NIN/NBIANI/NBHALF,NPINCH,NPBC,UBC,
1 NSOP,N3IDJUANICN

JIMENSION INCNIN)

N3TEST=0
NMSIF=)
[1=
WRIT=Z(6,130)
100 FORMAT(/ /711X, *anew MESH ANALYSIS sxxx®//)

[ )

eeeeeFIND ELEMENT WITH MAXIMUM DIFFERENCE IN NQDE NUMBERS
20 2300 L=1,N&
I[I1=11+1
IZLO=IN(CID)
IEHI=IN(CIIL)
20 12300 1=2,4
II=11I+1
IFCINCII)SLTLIELO) IELO=INCIT)
1330 IFCINCII)LGTLIEHI) IEHI=INCII)
NDIFF=TEHI-IZLO
IF(NJDIFF.GT.NJIF) THEN
NDIF=NQIFF
LEM=L
ENDIF
NBL=2+«NDIFF+1
IF(N3L.GT.NBI) WRITE(6,1500) L,NBL,NBI
1530 FORMAT(/13X, CLEMENT °,I14,° 4AS BANDWIDTH ,IS.,
1 ° WHICH EXCZEDS INPUT BANDWIDTH °,13)
IF(N3L.GT.NBI) NBTEST=NBTEST+]
23J0 CONTINUE

CeeeeaCALCJLATE ACTUAL 3AND WIDTH, NB.
NB=2aNDIF+1
N3HALF=NDIF+1
WRITE(6,2500) NB,LEM,NBI
2537 FORMAT(//13x, ACTUAL 4AXIMUM 3ANOWIOTH, “,13.,
1 ‘s WAS CALCULATED IN ELEMENT ‘,14/713X,7(C1H=),
2 "INPUT 3ANOWIODTH IS “,I3)
IF(N3TEST.EQ.J) GITO 3000

o

WRITZ(6,2800) N3TE=ST

2323 FORMAT(//////13X,"INPJYT BANDAIDTH IS EXCEEDED IN “,I14,° ELEMENTS®,

1 /11X,°PLEASE CORREZT INPUT DATA aND RERUN. .,
2 /1I1117722%,°5S TAM U LATION HALTEDO/,
3 22X 0" ")
ZNDFILE(6)

ST0P

-

3333 ARITE(%,4330)

©JJD FORMATC/ /111771, 1320 =)/ 77462X,°F
1 TR 0O M JNT T = 5°7/713201H~
R2TUAIN
IND

N D 0 F I NPUT
))

300

.
4

I1Jeeeas

I10.cses
IZO.I...
130ceaces
IAS..I..
!SO.....
160cacen
I70ccaes
I80ccace
190 cccens
1130....
I110.ceen
1120....
1130....
1140....
I150..ces
1160 cces
I170.CI.
1180cens
11904c..
1200....
1210.c e
1220....
IZSO..II
IZ‘OI‘I.
IZSOI...
1260cce..
1270ccee
12801.‘-
Izqoﬂﬂl.
I1300cc-.-
1310....
1320acae
ISSOI.'.
1340-.0-
1350....
I}éol.l.
1370....
1380ccee
I}QOI...
1400....
14710....
I“ZO.I..
I‘30...I
I“‘O.I.I
I‘SO....
16460ccae
16700 ue
1480....
1490ce.s
I5000ea.
I510ccas
1520cces
IS}OI..I
1560cass
ISSO'...
ISbO.‘O.
I570cecs
1580.c.a.
I590ccen
1600ccas

-
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c SUBRJUTINE N I H E C X SUTRA - VERSION 1284-20 J10..... o
o SUBRIUTING N C H E C K SUTRA - VERSION 1284-20 J1Jceee. |
C J20eoeae .
C *«« PYRPISE : J30.eanan D
C ~x« TO CHECX THAT PINCH NODES ARE NOT ASSIGNED SPECIFIED J6Deeee. L
C #«% PRESSURES, CONCENTRATIONS, TEMPERATURES OR SOURCES. J50eenss -
C J°O-co-. wc
SUBRIUTINE NZHECKC(IPINCH,IQSOP,IQSOU,IPBC,IUBC) J70ceeae e
IMPLICIT JOUBLE PRECISION (A-H,0-2) J8Jeeenan ..
COMMON/DIMS/ NN,NZ,NIN/,NBI,NB,N3HALF,NPINLH,NPBC,NUBC, J9Deeeen
1 NSOP,NSOU/NBCN J100.... AR
COMMON/CONTRL/ GNU,UP,DTMULT,OTMAX,ME,ISSFLO,ISSTPA,ITCYC, J110.... T
1 NPCYC,NUCYZ,NPRINT,IREAD,ISTORE,NOUMAT, IUNSAT J120.... R
DIMENSION J22X(3D),0QJX{3I),JPX(33),JUX(30) J130cese L
DIMENSION IPINCH(NPINZH,3),IQ2SOP(NSOP),IQSOUCNSOU), J140c... - -
1 IP3C(NBCN),IUBC(N3IN) J150.... -
c J160.... :
13PXx=2 J170cce.
IQUX=O J180-..a .
IPX=3 J190.... ;'
qu=3 JZOOOQI. :"
NPIN=NPINCH=1 J210c.e. - “i
NSOPI=NSOP=~1 J220ee.. -
NSOUI=NSOuU-1 J230.eee
D0 1000 I=1,NPIN J240ees.
IPINzprNCH(II1) sto-ooo
CeeeeaeaMATCA PINCH NODES WITH FLUID SOURCE NODES J260cene
IF(NSOPI.EQ.D) GOTO 200 J270cea. R
20 120 1QP=1,NSOP J280es.s e
IFCIPIN-TIABSCIQSOPCIQP))) 100,50,100 J290caas L
50 IQpX=IQPx’1 J}OO...- _— .
JAPXCIQPX)=IPIN J310.e..
100 CONTINUE J320¢.e.
200 IF(NSOUI.EQ.J) GOTO 4230 J330....
CeweeeMATCH PINCH NODES WITH ENERGY OR SOLUTE MASS SOURCE NODES J340....
DO 32) IQU=1,NSOU J350cacs
IFCIPIN-TABSCIQS0UCIQJ))) 300,250,300 J360eana
250 IQUX=IQuUX+1 J370....
K JQUX(IQUX)=IPIN J38Jcaa.
- 300 CONTINUE J390....
S 400 IF(NPBC.EQ.0) GOTD 632 J620.... G
‘ Ceeeeaa“MATCH PINCH NODES WITH SPECIFIED PRESSURE NODES J410eaes .
< D0 520 IP=1,NPBC J620aee. MR
. IFCIPIN-IABS(IPBCC(IP))) 530,450,500 J430eee. -
P 450 IPXx=IPX+1 JubOauas
- JPX(IPX)=IPIN J4S50.uan
b 530 CONTINUE J66Jean.
{ 600 IF(NJBC.EQ.0) GOTI 1030 J470uann
{ CeauaaMATCH PINCH NODES WITH SPECIFIED TEMPERATURE OR JaBOaeao.
. < CONCENTRATION NODES JuIdeans
-. 00 ?JJ IU=1INJBC JSOO....
1 1UP=IU+NPBC J510eees
I IFCIPIN-TABS(IUBC(IU®))) 700,550,700 J520....
: 550 Tux=Ilux+1 J530....
: JuX(Igx)=IPIN J560eas. :
. 730 CONTINUE J550euan ..
S 1332 CONTINUE J560ceas o
. c J570e0en
. CfeveeeEND SIMULATION IF CORRECTIONS TQO UNIT=S DA4TA 4RE REJIRED J58Ceann
Y IF(IIPx.EL.0) 507D 1320 J59Cee..
ﬁ ARITZ(6,1253) (JI°X(I),5=1,122x) JodUean.
' - 9
3 341 :




s : S33RISTINE T - SUTRA = VIRSIUN 1234722 J13eus..

u 1250 FORMATC(//7/7//11%, "THE FOLLOAINS NODES MAY NOT 3F SPSCIFIZ0 AS®. J610ceee
A 1 * FLJUID 52JRCE NODES @ */15%X,2(2016/)) J620eee.
. WAITZ(4,1251) Jo30..een R
- 1251 FORMAT(/11X, PLEASS REOISTRIBUTE SOURCES OR CHANGE THESE PINCHA s J040ucen "
L 1 * NOJES TO NORMAL ZORNER MESH NODES AND THEN RERUN. ) J650caa.
} 1340 IFCIJUX.Ewad) 507D 14239 J660ass. 5
' IF(ME.€3.-1) WRITS(0,1350) C(JIUXCI),I=1,I4UX) J670cae. —]
1350 FORMAT(/////11X,°ThE FOLLOWINS NOGES MAY NOT 3E SPECIFIED AS‘, Jo630.... _,.q
1 ° SOLUTE SJURCE NODJES : “/15x,2(20157)) J690..e. )
IF(MELE3e*1) WRITE(6,1355) CJAIUXC(IY,T1=1,1IQUX) J70C.cees e
1355 FORMATC/////11X, THE FOLLOWING NODES MAY NOT 3E SPECIFIED AS’, J710....
1 ° ZINERGY SOURCE NOJES : “/15x,2(2015/)) J720c.e.
NRITE(611251) J730..--
16400 IF(IPX.EQ.D) GOTOH 1503 J740..c.
WRITE(6,1450) (uPXx(I),I=1,IPX) J?750cees
1450 FQRMAT(/////11X,° THE FOLLOWINS NODES MAY NOT B35 INPUT AS”, J760c.ces
1 ° SPECIFISD PRESSURE NOODES : “,/15%x,2¢2016/)) J770cen.
HRITE(611“S1) J780..l.
1451 FORMAT(/11X, PLEASE REMOVE SPECIFIED PRESSURE RESTRICTION OR’, J7904.ce.
1 ° CHANGE THESE PINCH NODES TO NORMAL CORNER MESH NODES AND®. JB800..ss
2 °* THEN RERUN.®) J810....
1500 IF(ME) 1600,1500,1660 J820.enu.
1420 IFC(IJIX.EQ.Q) GOTO 1681 J830..aa
WRITE(6,1650) C(JUX(I),I=1,TIUX) JB4O....
1550 FORMAT(///7//Y1X, THE FOLLOWINS NODES MAY NOT BE INPUT AS”., J850ceaa
1 ° SPECIFIZD CONCENTRATION NODES : “,/15X,2(2016/)) JB860.ceas
HRITE(6I1651) J870l.l‘ —
1551 FORMAT(/11X, PLEASE REMOVE SPECIFIED CONCENTRATION RESTRICTION “, J88Q.caee )
1 “JR CHANGE THESE PINCH NODES TO NORMAL CORNER NODES AND’., JB90.eaee S
2 ° THEN RERUN.®) J900.... oas
50T0 1680 J910ecsn -
1460 IF(IJX.EQ.D) GOTO 1680 J920eaae DAS
ARITE(6,1670) (JUX(I),I=1,1IUX) J930u.as Zy;T
1970 FORMAT(/////11X, THE FOLLOWING NODES MAY NOT B8E INPUT AS°, J940..e. -
1 * SPECIFIED TEMPERATURE NODES : “,/15X,2(2016/)) J95000.. - @,
HRITE(6I16?1) J960-.-- :*
1471 =O0RMAT(/11X,°PLEASE REMOVE SPECIFIED TEMPERATURE RESTRICTION OR’ s J970cc-. e
1 ° CHANGE THESE PINZH NODES TO NORMAL CORNER NODES AND°., J980.... R
2 ° THEN RERUN.) J990cees P
C J1000-.. -.'
1530 IF(IIX+IPX+IUX) 1800,1800,1703 J1010... o
, 17309 WRITE(6,1750) J1020... =7
T 1750 FORMAT(////4///11%X,°S T MU L ATTION HALTETD 7, J1030... T
- 1 LB B ) J1040.,.. ]
. ENOFILE(G) J1050... T
. _ STOP J1 060- . n _~.“~'
o C J1070... v"\']
L. C J1080¢-- .
i 1800 RETURN J1090... 3
' E"‘O J1100..Q
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C
C

Ceeees INPUT INITIAL CONDITIONS FOR AARM START (UNIT-55 DATA)

SUBRJUTINE I v D A T 2
SUBRIJJTINE I N~ D A T 2
PURPISE :

TO READ INITIAL CONDITIONS FROM UNIT-55,
INITIALIZE DATA FOR EITHER WARM QR COLD

THE

SUBRIUTINE INDAT2(PVEZ,UVEC,PMT1,UM1,UM2,C51,C52,C53,SL,SR,RCIT,

SIMULATION.

SW,D5WDP,P3C,IPBC,IPBCT)
IMPLICIT OOU3LE PRECISION (A-+4,0-2)

COMMIN/DIMS/ NN/NZ,NIN/N3I,N3,NBHALF,NPINCH,NPBC,NUBC,

NSOP,NSOU/NBCN

COMMON/CONTRL/ GNJ,UP,DTMJLT,DTMAX,MEL,ISSFLO,ISSTRA,ITCYC,

SUTRA - VERSION 1284-2D K10..... SRS

SUTRA - VERSION 1284=20 K1Jee.vu. d *;ﬂ

AND TO
START OF

NPCYC/NUCYC,NPRINT,IREAD,ISTORE,NJUMAT,IUNSAT

COMMON/TIME/ DELT,TSEC,TMIN,THOUR,TDAY,TWEEK,TMONTH,TYEAR,

TMAX,DELTP,DELTU,D.TPMT1,DLTUMI,IT,ITMAX

COMMON/PARAMS/ COMPFL,COMPMA,DRWDU,CW,CS,RHO0S,DECAY,SIGMAW,SIGMAS/ K170 eaee
RHOWO0,URHOWO,VISCO,PRODF1,PRODST,PRODFO,PRODSO,CHIT,CHIZ
DIMENSION PVECC(NN),UVECCNN) ,PUYT(NN),UMT(NN) ,UM2(NN),SLC(NN),SR(NN),K190cee®
CSTONN)»CS2UNN) ,CS3UINN),RCIT(NN)ASWINN),DSWDP(NN),

P3CINBCN),IPBCI(NBCYN)

IFCIREAD) 500,500,620

500 READ(55,510) TSTART,DELTP,DELTU
510 FORMAT(4G20.10)

READ(S55,510) (PVEZ(I),I=1,NN)
READC(S55,510) (UVECZ(I),I=1,NN)
READC(55,510) (PMI(I),I=1,NN)
READ(S55,512) (UMI(I),I=1,NN)
READ(55,510) (CS1(I),I=1,NN)
READ(55,510) (RCIT(I),I=1,NN)
READ(55,510) (SW(I),I=1,NN)
READ(55,510) (PBCC(IPU),IPU=1,NBCN)

[a N e

559

53)

’

caLtL
CAaLL
CaLL
CALL
caLi

LERO(CS2,NN,J.00)
LERO(CSI/NN,D.0DD)
ZERO(SL,NN,DO.0D0)
ZEROCSR,NN,D.00D)
LERO(DSWOP,NN,0.JD0Q)

D0 550 I=1,NN
JM2 (L) =uMI(])

5070

INPUT INITIAL CONJITIONS FOR 0.D START (UNIT-55 DATA)

1000

READ(55,510) TSTARY
RzA5(55,510) (PVELC(I),I=1,NN)
R280(55,510) (UVEL(I),I=1T,NN)

START~-UP WITH NU 2PRUJECTIOINS 3Y StETTING
IN PRRIJECTION FORMuULAE

JelT2=0ELT*1.010
dJelLTJ=DELT*1.210

INITIALIZe SPECIFIED TIME-VARYING

VALUES FOR 5T4RT=-yP CALCULATION OF INFLOMW

(527

«PLITR=D)

IFCIPBCT) 482,740,740
26 735 IP=1,NP3C
I=1P3C0(1P)

IFCD)

732,733,73)

733 P8T(IR)=PyvI(~1)

R S T S U TR T

3L0ELP=BUELL=1,.D~10
FOUND IN S_3RILTINZ SUTRaA,

PRESSURES Ty INITIAL
5 0R OJUTFLOWS

KZO.I... T Y
K}Ol..l. '
K‘Dlll.l
K50 ceaaes
Ké6Oaaoonow
K?O‘....
K8Jeoooos
K9D.....
K100....
K110cewe
K120.l..
K130eeee
K146Jeeos
K150ccee
K160.ceee

K180..0.

Kzoo..‘.
K210eeaow
K220:aee
K2300l.l
KZ‘O..'I
K250ece.
Kzéo...I
K270-ooo
K280....
K290 eeee
K300aeas
K310...l
K}zoll..
K330....
K340eewee
K350ccee
K360...I
K370acee
K380—...
K390.0eaa
K‘Oo.l..
Kel1Oeoeaw
K‘ZO.I.I
K430aan. R,
Keb40auae R
Ke#S50aoean L.
K665Jeooe Ot
Ke?7Ceuwn Lo

Ka8Teaooa

K90 eewe T ®
KSOO.I.Q )

KS510eeoe

K520 caea

K530 eaas

K56Jcaas ‘-‘ﬁ
K550 aess v |
X562c..an o
K5704uns S
K580uu.an R
K530 aaeas T
Kolleean
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e
-
: SL3RIUTNs I v 0 A T ¢ SUTXA = VERSION 1226=20 K10ueuws S
_..v'-:‘
733 CONTINUZ K6104as. ol
T evea INITIALIZE P, Y, aND CCNSISTENT DENSITY K620eaue =?1
747 03 373 I=1.NN K630esas o
PMYI(1)=PVIC(I) K640aane B
CMICI)=UvES (D) K6500see -
JM2(I)=uvEC(D) K660aes e
RLIT(I)=RMHOWI+IRWIU*(UVEC(I)-JRAOWD) K67Jeeea
33) ZONTINUE K680ccee
Teeee INITIALIZE SATURATION, SW(I) K690enee
CalL ZSRO(SA,NN,1.007) K700.soe
:-‘AL; ZERO(DSI‘JDI\J\JIO-JDJ) K710....
IFCIUNSATLNELT) GITO 990 K720easa
TJUN3aT=3 K730eees
J0 933 I=1.NN K760ceas
350 IFC(PVEC(I).LT.I) ZALL UNSAT(SW(I),DSWOP(I),RELK,PVEC(I)) K750 ¢aee
90 ZONTINUE K760caes o
ZALL ZERO(CS1,NN,CS) K770ceee .
< ZALL ZERO(CS2,NN,2J.00) K780e¢see o
c CALL ZEROCCS3,NN,3.00d) K790eeee -
CALL ZERO(SL,NN,0.0DO) K800euwse o
CALL ZERO(SR,NN,0.000) K810caea -
13309 CONTINUE K820 .o L)
: K830-.'.
CeeeasSET STARTING TIMS OF SIMULATION CLOCK, TSEC K840.eas.
TSEC=TSTART K850 caea
C Kaéol...
: K870.... : )
RETURN K880 ease- " @
IND K890eese 7]
e
s
~.:-lq
: T
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C SUBRIJOUTINE P R I S 0 L SUTRA = VERSION 1284=20 L10cecces
C SUSROUTINE P R I S 0 L SUTRA = VERSION 1284-20 L10.eenv.
C L20ceens
C »«x PURPISE : L30eeoes
C ownn TO PRINT PRESSURE AND TEMPERATURE OR CONCENTRATION LéD0eeaee
C nan SOLJTYIONS AND TO OJTPUT INFORMATION ON TIME STEP, ITERATIONS., L50ceaae
C *an SATURATIONS, AND FLUID VZLOZITIES, LbDeeess
C L7000 cene
SJBRIUTINE PRISOL(MLA,ISTOP,IGIOI,PVEL,UVEC,VMAS,VANG,SW) L8leecea
IMPLICIT DOU3LE PRECISION (A-H,0-2) L9)eaeasne
COMMIN/DIMSYZ NNANZ/NIN/NBI NB,NBHALF,NPINCH,/NPBC,NUBC, L1000 ceee

1 NSOP,NSOU/NBCN L110cesee
COMMON/CONTRL/ GNJ,UP,DTMULT,DTMAX, MELISSFLO,ISSTRAL,ITCYC, L120eees

1 NPCYC,NUCYL A NPRINT,IREAD,ISTORE,NOUMAT,TUNSAT L130cees
COMMON/TIME/ ODELTY,T3EC,TMIN,TH0UR,TDAY,TWEEK,TMONTH,TYEAR, L140e.ce.

1 TVAX,DELTOP,DELTU,O.TPMT,DLTUMTI,IT,ITMAX L1S5Q0ecsee
COMMON/ITERAT/ RP9,RPYAX,RUM,RUMAX,ITER,ITRMAX,IPWNORS,IUWORS L160ceee
COMMON/KPRINY/ KCOORI, KELINF,KINCID,XPLOTP,KPLOTU,KVEL,K3UDS L170ceee
DIMENSION PVEI(NN),UVEC(NNY,VHAG(NE) » VANGINE),SWINN) L180cees

C L190eees
CeeeosOUTPUT MAJOR HEADINGS FOR CURRENT TIME STEP L230eees
IF(IT.6T0.0R.ISSFLO.2Q.2.0R.ISSTRALEQ.T1) GOTO 100 L210ceee
WRITE(6,60) L220ceee

60 FORMAT(IHYI//7/7711%X,°1 N 1 T 1 A CONDJDITI ONS’, L230caee

1 A § O ‘ L240cean.
IF(IREAD.EQ.~1) WRITE(6,65) L250cces

55 FORMAT(//11x, INITIAL CONDITIDNS RETRIEVED FROM STORAGE L260cees

1 “ON UNIT 55.°) L270cess

5070 500 L280.seo®

o L290eeen
100 IFCISOIeNELOLAND.ISTIOP.EQLD) WRITE(6,150) ITER,IT t300ceec.
150 FORMATC(///7/7/77711X,"ITERATION “,13,° SOLJTION FOR TIME S5TEP “,I4) L310cees

o L320ces-
IF(ISTOP.EQe=1) WRITE(H,250) IT,ITER L330eeas

250 FORMAT(TIHI1//11X,°SOLYTION FOR TIME STEP °,14., L340ceee

1 “ NOT CONVERGED AFTER “,I3,° ITERATIONS.?) L350 ecee

o L360ceass
IF(ISTOP.GE.DJ) WRITE(6,35D) IT L370cesee

350 FORMAT(T1H1//11%X,°RESULTS =0OR TIME STEP “,14/ L380ceee

1 IR D I L390ceas
IFCITRMAX.EQ.1) 5270 590 L400eases
IFCISTOP.GE W) eANDLITL5T.0) WwRITE(H,355) ITER L410eans

IF(IT EYe0aANDISTOPLSELD.ANDLTISSFLOL,ZQ42) WRITE(6,355) ITER L420cees

355 FORMATC(11Xx,°(AFTZER *,13,° ITERATIONS) :°) L43D0enwne
WRITE(6,450) RPM,IPWIRS,RIM, TUWORS L4bOeone

3530 FORMAT(//11Xx,"MAXIMUM P ZHANSE FRIM PREVIOUS ITERATION L4500 e

1 12014.5,° AT NODE “,IS/11X,"MAXIMJIM U CHANGE FROM PREVIOJUS “» L65Ceeas

2 ITERATION “,1°D014,5,° AT NODE ",1I5) L670eaee

C L430eees
530 IFC(IT.EQaJANDLISSFLO.EQL2) GITO 580 Le90aees
IFCISSTRALEW.1) 5270 800 LS5JG..ee
ARITS(6,552) DELT,TSEL,TMIN,THOUR,TUAY , TAEEK, L510.een

1 TMONTH,TYzZaR L5200ess

5970 EORMAT(///11X, TIME INCREMENT :7,727,1°2015.4,° SECONDS //11x, LS530eawue

1 “ECAPSED TIME :°,T27,1PD01544," SEZONIS ,/T27,1P015.4,° MINJTES LS40....

2 I T27,1PD15.4,° HOURS/T27,1°901504r” 08YS /T27,1P015.047¢° wEEKS /L5500

3 T27,1P015.4s" MONT4S /T27,1P015.ws’ YSARS®) L540cese

z L570cuen
TeeesedJTPUT PRESHIRES SOR TRANSIENT FLOW SCLOTION (AND POSSISBLY., L3%30cene
: SATURATION 84D vItLICiTy) LS9 ) cenn

IF(ML.53.2.AND.I5TOPL5ELD) 5070 73D
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C SUZRIUTINE P R I S € L SUTRA = VERSICN 1284-20 L10...e..
IS(iSSFLO.GT.J) GOTO 700 L510...e
WRITZ(6,65C) (I,PVECCI),I=1,NN) L5¢Ceees

65C FORMAT(///11X,°? & E S § U R E‘//83X,6(°NODE*,17X)/ L53C..as
1 (7X,6¢1X,14,1X,1PC15.5))) L5¢Dcans
IFC(IUNSAT.NESD) WRITE(E,€51) (I,SW(I),I=1,NN) L550ccss

551 FORMAT(///11X,°S A T U R A T 1 0 N°//EX,6(C°NOCE*,17X)/ Létlaens
1 (7X,6(1X,16,1X,1PD15.8))) L570c4.s
IF(KVELLSQ1,ANDLITLGTL0) WRITZEC 6,556) (L,VANG(L),L=1,NZ) L59C0....

555 EFQRMAT(///711X,*F L U I D vV £ L 0 ¢ 1 T Y"1/ L?73Cea.e
1 11X,"M A GNITUDE AT CENTROIOD OF ELEMENT // L7100,

2 SRKs6C ELEMENT L 14X/ (TX, 61X, 14,1X,1PL15.3))) L720case
656 FORMAT(///711X,°F L U 1 D vV E L 0 € I T Y7/ L730cace
1 11X,°A N G L E IN DEGREZS FROM +X-aXIS TO FLOW DIRECTICN “, L74C....

2 "AT CENTROID OF ELEMENT®// L750c..e

3 SX,6C ZLEMENT “,14X)/(7X,6C1X,14,1%X,1PD15.38))) L76Ceces
5070 700 L?770ccee

C L?BU----

CeeeecOUTPUT PRESSURZS FOR STEAQY-STATE FLOW SOLUTION L79Ccaes

€30 WRITE(E,450) (I,PVEC(I),I=1,NN) LEDJD..we

069G FORMAT(///11X,°S T E A D Y = S T A T E P R E S°/LE10....
1 * S U R E"JI8X,6C°NGDE ,17X)/(7X,6C1X,14,1%X,1PC15.8))) L320¢een
IFCIUNSAT.NELO) WRITE(6,651) (I,SW(I),I=1,NN) L230auas
GOTO 10600 L3400ase
C Laso.ltl
CuvessOUTPUT CONCENTRATIONS OR TEMPZRATURES FOR L560c0aa
c TRANSIZNT TRANSPORT SCLUTION L87Jeees
70C IF(ML.EQ.1.AND.ISTOP.GE.O) GOTC 10CD L380ceas
1F(MZ) 72C,720,730 L390.ans .
720 WRITE(6,725) (I,UVEC(I),I=1,NN) L900...e e
725 FORMAT(///11%,°C O N C E N T R A T I 0 N°//8Xs L91Ceane LT
1 6C° NOCE ,17X)/(7X,6C1X,14,1X,1PC15.8))) L?20cass o
GOTO 900 L?}So-.c -_-'.',-.
730 WRITE(6,735) (I,UVEC(I),I=1,NN) L940eass o
735 FORMAT(///11X,°T E M P E R A T U R E°//3X,6(°NODE’,17X)/L?50.... :
1 (7xlb(1xlI‘I1XIF1S.9))) L?éo.--. t."_f
GOTQ 900 L970.... o
c L930eaas ol
CeveesOUTPUT CONCENTRATIONS OR TEMPERATURES FOR L390eaas e
¢ STEADY-STATE TRANSPORT SOLUTION L1C0C... n
8§00 IF(MZ) 820,320,830 L1010... ]
320 WRITE(E,825) (I,UVEC(I),I=1,NN) L1G2C... )
£25 FORMAT(///11X,°S T & A D Y =- S T A T E o N C°, L103C... o
1 ° E N T R A T I 0 N°//3X,6C°NOCE“,17X)/ L1C4C..s sl
2 (7X,6(C1X,16,1X,1P015.3))) L105C... 2]
G310 900 L106C... -
830 WRITZ(6,335) (I,UVEC(I),I=1,NN) L1C7Cans o
835 FORMAT(///11%X,°S T E A D Y - S T A T E€ T M P‘, L10&C... -
1 * E R A T U R E“//3X,6(°NODE’,17X)/ L129C... .o
3 2 (TX, 601 T4, 1, F15.9))) L170C. .. i
L';._ C L1110.o- ‘..‘._‘1
b CeeeesOUTPUT VELOCITIES FOR STEACY-STATE FLOW SOLUTICN L1120... S
F_“ 900 IFCISSFLOWNE.2.0R.IT.NE.1.CR.KVEL.NE.1) GOTO 1000 L1130... )
LT WRITEC 6,925) (L,VMAG(L),L=1,NE) L114C... .
} WRITEC 56,9500 (L,VANG(L) ,L=1,NE) L1150... '
o 925 FORMAT(///11X,°S T € A D Y - S T A T E . L116C... * 'ﬁ
o 1 ‘F L U I 0D V E L ¢ C 1 T Y77 L1170... o
b 2 11X,°M A G NTTUDE AT CENTROID OF ELEMENT// L118C... I
e 3 SX,6C ELEMENT ,16X)/(7X,6C1X,14,1X,1PD15.8))) L115C..., o
F: 9SC FORMAT(///11X,°S T €& A O Y - S T A TV ¢ ‘ L122C... »E
,‘ 346 _ .1
o =
GRLIEAS :
| NS




c T os L : . e e - T R - . . o
I A R N SR R IR IR A NN S B S Sl SRR . ) IR S N SR G S S L e ~ g i~ " 2 o

" I ——— " T T R N Y T S N R e

C SUBRJOUTINE P R I S 0 L SUTRA = VERSION 1284-20 L10.....

‘s LUl D v E L ¢ ¢C I T Y°// L1210...
11x,"A N 53 L E IN DESREES FROM #x=AXIS TO FLOW DIRECTION *, L1220...
‘AT CENTRIID 2F ELEMENT // L1230...
SXs6C ELEMENT 2 14X)/(7X,6(1X,16,1X,1PD15.8))) L1240...
C L1250...
10330 RETURN L1260...
C L127o...
END L1280...

&S W=
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M 3U3RIUTINE Iz %2 SUTRA = velSIuh 123420 M1deas.. Sy

SUBRIUTINE I &€ R O SUTRA = VERSION 1284-20 M10.....
M2Qeeesos

«xx PYRPISE : M30eeeen
¢« TO FILL AN ARRAY WITH A CONSTANT VALUE. M4Daacsoe
MSJ.IQ..

SUBRIUTINE ZZRO(A,IADIM,FILL) M6Deareea

- IMPLICIT DOUBLE PRIECISION (A=4,0-2) M70ceena
B DIMENSION ACIADIM) M8Dauaaa
C MQO...C.
CeeeesFili ARRAY A WITH VALJE IN VARIABLE °‘FILL® M100eces

" 90 1) I=1,IADIM Y1100 a0 ol
T 10 a(l)=FILL M120e... Sl

N M130..-o :“j.;;
. M140.... =
I —'\,ETURN M150.-¢- .!

N9 M160.... e
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SUBRIUTINE B8 C T I M E SUTRA - VERSION 1284-20 N10ce.sso

c SUBROUTINE 8 ¢ T I M E SUTRA = VERSION 1284=20 N10.....
c N2Deeans
C #=+ PURPISE : N30eoaoo
C ex#* JSER-PROGRAMMED SUBROUTINE WHICH ALLOWS THE JSER TO SPECIFY: NeDeoouo
S oean (1) TIME-DEPENDENT SPECIFIED PRESSURES AND TIME-DEPENDENT NSOueans
C wan CONCENTRATIONS OR TEMPERATURES OF INFLOWS AT THESE POINTS  N6Deeoew
C www (2) TIME=-LEPENDENT SPECIFIED CONCENTRATIONS OR TEMPERATURES N70ecenn
C wwn (3) TIME-DEPENDENT FLUID SOJRCES AND CONCENTRATIONS N8Oeeeew
C wxean OR TEMPERATJURES OF INFLOWS AT THESE POINTS N9Juoeno
C *wnw (4) TIME-DEPENDENT ENERSY OR SOLUTE MASS SOURCES N100.e..
c N110....
SUBROJTINE BCTIME(IPSC,P8C,IUBC,UBC,IIN,UIN,QUIN,IQSOP,IQSOU, N120....
1 IPBCT,IUBCT,IQSOPT,IQSOUT) N130....
IMPLICIT DOU3LE PRECISION (A-4,0-2) YR 0 P
COMMON/DIMS/ NN ,NZ,NIN,NBI,NB,NBHALF,NPINCH,NPBC,NUBC, N150....
1 NSOPINSOUINSCN N160--.-
COMMON/TIME/ DELT,TSE.,TMIN,THOUR,TDAY,TWEEK,TMONTH,TYEAR, N170.0.s
1 TMAX,DELTP,DELTU,DLTPMI,DLTUMT,IT,ITMAX N180....
DIMENSION IPBC(NBCN),PBC(NBCN),IUBC(NBCN),UBC(NBCN), N190.... R
1 QINCNN) L UINCNN) A QUINCNN) ,IJSOP(NSOP),IQSOUCNSOU) N20O0.s.ee : '1}
C NZ‘IO.--- T
CavaesDEFINITION OF REQJIRED VARIABLES N220..a. , o
C . . L] L ] . L] L ] L] . . L ] - L] L] - L] L] - L] L L] L] L ] - L] - L ] L] . L] L L . - - N230.Il. ~V 1
c NN = EXACT NUMBER OF NODES IN MESH N240Doees
o NPBC = EXACT NUMBER OF SPECIFIED PRESSURE NODES N250e... R
o NUBC = EXACT NUMBER OF SPECIFIED CONCENTRATION N260c... -
o OR TEMPERATURE NODES N270ccae oLl
: L] - - - L] - - [ ] - - - L] - - Ll L] L] L] L] . - L] L] - - L - L ] - - - - - L] L] NZBOII.. - .V.‘
c IT = NUMBER OF CURRENT TIME STE N290.... Pl
c L] - L] . - L ] L] - L ] L] L ] - L] L] . - L] L ] L] - - L] - - - - L ] - L ] L e - L] L] - N300...I --> V'
c TSEC = TIME AT END OF CURRENT TIME STEP IN SECONDS N310caee R
c TMIN = TIME AT END OF CURRENT TIME STEP IN MINUTES N320eses TR
c THOUR = TIME AT END OF CURRENT TIME STEP IN HOURS N330.... P
c TOAY = TIME AT END OF CURRENT TIME STEP IN DAYS N34C.... IS
o TWEEK = TIME AT END OF CURRENT TIME STEP IN WEEKS N350ecca. e
d TMONTH = TIME AT END OF CURRENT TIME STEP IN MONTHS N360.coe ST
c TYEAR = TIME AT END OF CURRENT TIME STEP IN YEARS N370.c.. AR,
C . - L] . L4 L] - L L] Ld L . . - . L] - L4 L4 - LJ e - L) . . . - L . - L) - . . N380-..- ‘-l.:'-“:
c P3C(IP) = SPECIFIED PRESSURE VALUE AT IP(TH) SPECIFIE N390..c.. A
C pRESSURE NODE N‘oo-.-- ?.’.,’-:11
c UBCCIP) = SPECIFIED CONCENTRATION OR TEMPERATURE VALJE OF ANY N410..as RERSE
¢ INFLOW OJCCURRING AT IP(TH) SPECIFIED PRESSJRE NODE N620.s.s - 9_
c IPBC(IP) = ACTUAL NODE NUMBER OF IP(TH) SPECIFIED PRESSURE NODE Ne3O.... R
c [AHEN NODE NUM3ER I=IP3C(IP) IS NEGATIVE (I<0), N64Qou.. SR
c VALUES MUST BE SPECIFIED FOR PBC AND U3C.] Ne50.... ERER
C L] . L] - L] - L] Ll - o - Ll - . - - - - - . - L] L ] . a - L] L] a L] L - L] L L] N‘bo..ll - .'-.-
c J3C(IUP) = SPECIFIED ZONCENTRATION OR TEMPERATURE VALUE AT Ne7Jeeen
c IUCTH) SPEZIFIED ZONCENTRATION OR TEMPERATURE NOOE NeSOases
¢ (AHERZ IuP=TU+NPBC) Ne90..a..
c IUSCCIUP) = ACTuBL NOJE NUMBER OF TU(TH) SPECIFIED CONCENTRATION N50J....
c JR TZMPERATURE NODE (WHERE IUP=IU+NPBC) NS10.... )
¢ CAHMEN NODE NUMBER I=Iu3C(CIU) IS NEGATIVE (I<])., N520..ee ;
c & VALJE MuST 3E SPECIFIED FOR UBC.) N530c... )
C e o o o @ @ o s o o o o a« o s o s e« o o a8 s s o s s e s s o e o e e = NS4Qeaee s J
< IJSGPCIQP) = NOOE NUMSER OF I3P(TH) FLUID SOURCE NODE, NS50c¢as. . W
¢ {WHEN NODE NJUMBER I=IQSOP(IQP) I3 NEGATIVE (I<Q), NS56Jause SRR
d VALUES MUST 3€ SPECIFIED FOR QIN AND UIN.] N570case 1
< QIN(-I) = SPEZIFIZD F_UID SOURCE VALJE AT NO3ZE (-I) N58G.es. |
o JINC=1) = SPEJIFIZD IJONCENTRATION OR TEMPERATJRE VALJE OF ANY NS90euos S
z INTLOW OCCURRING AT FLUID SOURCE NOOE (-I) N6JDeuns }f.fii
349 ]
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5.3x00TiNe 30 T 1M ¢ SUTRA = veR,Iuv 123e=-¢2 N12a.... R
- - L] L] - - - - L] ] L] L ] - - [ ] L] - - - - - . - - - . - - * L ] - - » L ] - Nb1o.... —d
13S0JCIQU) = NODE NUM3ER JF T.U(TH) ENERGY OR N62Jeaaw -
SOLUTE MaSS 30QURCE NODE NO30eaas
[WAHEN NIOJE NJUMBER I=IQJ50U(IQuU) IS NESATIVE (I<Q). N64Qoeaan
A VA_UE MUST 8E SPECIFIEZ0D FOR QJUIN.] N650ce.. .
JUINC=1) = SPECIFISD ENERGY OR SOLUTE MASS SOURCE VALUE N660saas el
AT NOOE (=I) N67Deews e
L] - L] L] L] [ ] - L ] L] - * - - L ] - - L] L] - L] [ ] * L] L] L] - L] . L] L ] - L] . L - NOSO---.
NQQO-.--
N7D00eaae
ceeseNSOPI I5 ACTUAL NJUMBER OF FLUID SOQURCE NOODES “7100eee
N3QPI=NSOP-1 N720ccans
eeeeeN30JU! IS ACTUAL NUMBER OF ENERGY OR SOLUTE MASS SOURCE NODES N730cacs
NSOQuI=NSOu~1 N7460ccee
N750‘...
N760ccus
N770caa.
N780ceee
N790eaes
N80C0aaas
IFCIP3CT) 50,240,240 N810cees
- - - - - - - - - - - - - - - - - - - -emm | s E s m e -- - - - N820ll..
L L R R L R R A B - = = N830ece..
eeeesSECTION (1): SET TIME-DEPENDENT SPECIFIED PRESSURES OR N840caas
CONCENTRATIONS (TEMPERATURES) OF INFLOWS AT SPECIFIED N850cees
PRESSURE NOQES N860eesus
N870.-..
CIONTINUE N88Qeeen
00 230 Ip=1le3C N890.--.
I=IP3C(IP) N900aawe
IF(L) 100,203,200 N910cewe
100 CQNTINUE N920-.-. |
NOTE : A FLOW AND TRANSPORT SOLUTION MUST OCCUR FQR ANY N930eaws !
TIME STEP IN WHICH PBCC ) CHANGES. N940aeees S
PaCCIP) = (( ) N950ce.. e
Jac(IrP) = (( )) N960..-. ‘::'~
200 CONTINUE N970eeee O
o L R N A S R R e R B . 12 [ PO N
- - - - - - - - - - -t - - - - - - .-, s s s s - - - - - N990 ® % e \‘.::"'f
N1000... :‘JA_--
N1010... g
N1020... =%
N1030... "
N1940... o
N1350... IR
240 IFCIJBCT) 250,440,440 N1060... -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - N1070--- :
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - N'an... .
ceeeeSECTION (2): SET TIME-DEPENOENT SPEZIFIED N1J090..e
CONCENTRATIONS (TEMPERATURES) N1100...
N1110...
259 CZONTINUE N1120...
OG bJJ IU=1I\‘JBC N1130..-
IuP=Iu+NPBC N1140... el
I=103C(IUP) N1150... .
IF(I) 300,403,400 N1160eae T
337 CONTINUE N1170... -
NOTE : A TRANSPORT SOLUTION MUST OCCUR FIOR ANY TIME STEP N1180... -
IN WHIZH UBCC ) CHANGES. IN ADDITION, IF FLUIO PROPERTIES N1190... e
ARE SENSITIVE TO “y’ THEN A FLOW SOLUTION MUST OCCUR A5 WELN1200... -
e
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400

500

500

640

550

342

SUBRJUTINE

JyaC(IupP) = (¢ ))
CONTINUE

IFCIJSOPT) 450,640,643

SECTION (3): SET TIME-CEPENDENT FLUID SOURCES/SINKS.,
OR CZONCENTRATIONS (TEMPERATURES) OF SOURCE FLUID

CONTINUE

D0 633 IQP=1,NSOPI

I=1Q50P(IQP)

IFCI) 500,600,600

CONTINUE

NOTE : A FLOW AND TRANSPORT SOLUTION MUST OCCJR FOR ANY
TIME STEP IN WHICH QINC ) CHANGES,

QINC(-I) = < ))

NOTE : A TRANSPORT SO.UTIJON MuST OCCUR FOR ANY
TIME STEP IN WAICH UINC ) CHANGES.

UINC-I) = ( })

CONTINUE

IFCIJISOUT) 653,840,840

SECTION (4): SEY TIME-DEPENDENT SOURCES/SINKS
JF SOLUTE MASS OR ENERGY

CONTINUE

00 830 IQuU=1,NSQUI
I=13S0U(IQU)

IFC(I) 700,833,800

CONTINUE

NOUTE : A TRANS®ORT SOLUTIIN MJST OCCUR FQOR ANY
TIME STEP IN WAICH QUINC ) CHANGES.

IJIN(=-T) = (( ))

CONTINUE

TUNTINUE

o B n

SUTRA - VERSION 1284-2D

1
!

NT1Deesas

N1210...
N1220...
N1230... : ,
N1240... ; ]
N1250...
N1260...
N1270...
N1280... e
N1290... —
N1300...
N1310...
N1320...
N1330... .1
N1340... -
N1350... of
N13°0-"
N1370...
N1380...
N1390...
N1400... ]
N1610... -
N1420... — 9
N1430...
N16‘0‘.‘
N1‘50...
N1660...
NIATO..I
N16480...
N1490...
N1500...
N1510...
N1520...
N1530cew
N1540...
N1550...
N1560l..
N1570C.I
N1580...
N1590...
N1600...
N1610...
N1620...
N163C...
N1640...
N1650...
N1660...
N1670...
N1680...
N1690...
N17OOI.I
N1710...
N1720..e
N1730...
N17~0---
N1750...
N1760...
N1770...
N1780...
N179D...
N18Cd...

t
'
i

] oot T . . . . . .
R RN
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SU3RIUTINE

RETURIN

£ND

SJTRA

VERSION 1234-20 N1Jsauw.

N1810. ..
N1820...
N1830...

PR WY RN




: SUBROUTINE A 3 S O R B SUTRA = VERSION 1284-20 010.e.cwve 5
- SUBRJUTINE A 2 S 0 R 3 SUTRA - VERSION 1284=20 010cceecs
- 020 aceaeas
S wxx PURPISE 030ecans
. %=+ TO CALCULATE VALJES OF EQUILIBRIUM SORPTION PARAMETERS FOR 040cccne
D %=« _INTAR, FREJNDLICH, AND LANGMUIR MODELS. 050 ceces
: 060ceace
SUBRJUTINE ADSORB(CS1,CS2,C53,5L,S5R,U) 070cceae
IMPLICIT DOUBLE PRECISION (A-H,0-2) 080acnan
CHARACTER®*1( aADSM)D 090ceces
COMMOIN/MODSOR/ ADSMOD 0100caee
COMMON/DIMS/ NN,NE,NIN,NBI,NS,NBHALF,NPINCH,NPBC,NUBC, 0110cess
1 NSOP,NSOU/NBCN 0120cceca
COMMON/PARAMS/ COMPFL,COMPMA,DRWDU,CW,CS,RHOS,DECAY,SIGMAW,STGMAS,0130ce.e
1 R4IWO,URHIWO,VISCO,PRODF1,PRODST1,PRODFQ,PRODSO,CHIT,CHI2 0140.c.aae
DIMENSION CSTUNNILCS2(NN),CSIINNY,SLUONN) »,SRINN) ,UCNN) 0150.cee
o 0160cces
CeeeeaaNOTE THAT THE CONCENTRATION OF ADSORBATE, CS(I), IS GIVEN BY: 0170cess
o CSCI) = SLCI)»y(I) + SR(ID) 0180ceece
ol 0190caee
ZeeaeaNO SIORPTION 0200cces
IFCADSMOD.NE. “NONE ) GOTO 450 0210....
DO 253 I=1,NN 0220eces
Cs1¢(1)=0.00 0230c.c.ae
€s2¢(1)=0.00 0240cces
€s3(I1)=0.00 0250 eces
SL(I)=0.00 0260ceae
SR(I)=0.DO 0270..¢-
250 CONTINUE 0280caas
50T0 2000 0290c..«
z 0300cees
CeseesLINEAR SORPTION MODEL 0310cees
450 IFCAOSMODJNE. LINEAR ‘) GOTO 720 0320ccee
00 570 I=1,NN 0330ccee
CSTCI)=CHI1*RA0WD 0340cae-s
€sS2(1)=0.00 0350cece
2s83(1)=0.00 0360cvecs
SLCI)=CHIT#R4040 0370ceee
SR(I)=0.00 0380c.cce
SO0 CONTINUE 0390.ccee
30T0 2000 0400ccecn
. 0410caee
TeeeasFREUNIDLICH SORPTION MOIDEL 0420caae
700 IFCADSMODLNE. FREJUNDLICH®) GOTO 950 0430caee
CHCH=CHIT/CRHI 0646040as
DCHI2=1.00/CH412 0650cess
RH2=RA0WI**DZHI2 C4b60aaee
CHIZF=((1.00~-H12)/C0H12) 0670eaee
CH12=CHITwe3lHI2 048Ccass
20 753 I=1,NN 06490ccee

IFCU(I)) 725,722,730 0500ccee -

720 JC+=1,000 0510 ceas ' o

5070 740 0520 eees IR

730 UCH=J(I)*elHIZF 053Ccess pj

7eJ RJ=R42+uln 0540ccee g

C31(T)=CHCHeRy 0550eaas _wp_‘
£32¢1)=0.00 0560ccen
253(¢1)=30.20 0570 e0se
SLCIY=CHT12+RY 05804ces
SR(I)=30.20 0590 ceas
752 CONTINUJC 0600caas
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SUBRIUTINE

SUBRIUTINE
*x« PURPISE :
(1

LA A
LA B}
LE 8 J
LA B J
LA B

TO CARRY QJuT ALL CELLWISE
TERMS TO THE GLO3AL 3ANJzD MATRIX AND GLOBAL VECTOR FOR
BOTH FLOW AND TRANSPURT EQUATIONS.
(2) TO ADD FLUID SOQURCE AND SOLUTE ™MASS QR ENERGY SOURCE TERMS
TO THE MATRIX EQJATIONS.

ey

R rRwLwYyyww

SUTRA

SUTRA

2o te

CALCULATIONS AND TO ADD

VERSION 1284-20D

VERSION 1284-2D

CELLWISE

SUBRIDUTINE NODALS(ML,vOL,PMAT,PVEC,UMAT,UVEC,PITER,UITER,PMT1,UMT,
1 UM2,POR/QINAUIN,QUIN,CSY,C52,C53,SL,SR,SWsDSWDP,R40,50P)
IMPLICIT DOU3LE PRECISION (A=+4,0-2)
COMMON/DIMS/ NN/NE/NIN,NBI,NB,NBHALF,NPINCH,NPBC,NUBZ,

1 NSQP,N3OU/,NICN

COMMON/TIME/ OELT,TSEZ,TMIN,TAOUR,TDAY,TWEEK,TMONTH,TYEAR,
1 THAX,DELTP,OELTU,DLTPMT,DLTUMTI,IT,ITMAX
COMMON/PARAMS/ COMPFL,COMPMA,DRWDU,CW,CS,RHOS,DECAY,SIGMAW,SIGMAS,T1700ass
1 R40W0,URHIOWO,VISCO,PROJDF1,PRODS1,PRODFO,PRIDSO,CHIT,CHIZ
COMMON/SATPAR/ PCENT,SWRES,PCRES,SSLIOPE,SINCPT
COMMON/CONTRLZ GNJ,UP,DTMULT,OTMAX,ME,ISSFLO,ISSTRA,ITCYC,

1 NPCYC/,NUCYC,NPRINT,IREAD,ISTORE,NOUMAT,IUNSAT

DIMENSION VOLUCNN),PMAT(NN,NBI),PVEC(NN),UMAT(NN,NBI),UVEC(NN)
DIMENSION PITER(NN),UITER(NN),PMT(NN),UMT(NN),UM2(NN),
1 PIRC(NN) »QINCNN) ,UINCNN) ,QUINCNN),CST(NN),CS2(NN),CSI(NN),
2 SLUNN) /SR(NN) ,SW(NN) ,RHO(NN) ,DSWOP(NN),SOP(NN)

IFCIUNSAT.NE.J) IJUNSAT=1

eseeedO NIT UPDATE NODAL PARAMZTERS ON A TIME STEP WHEN ONLY U IS
WHEN NOUMAT=1)

SOLVED FOR BY BACKC SUASTITUTION (IE:

IF(NJUMAT) 53,506,200

eeseeaSET UNSATURATED FLOW PARAMETERS AT NOJDES.,

50 DO 120 I=1,NN

IFCIUNSAT=-1) 120,100,120
100 IFCPITER(I)) 110,126,120

110
120 CONTINUE

eveoesSET FLUID DENSITY AT NODES.,
F (UITER(I))

RHO =
00 150 I=1,NN

159 RAOCI)=RHOWO*DORWOU*(UITER(I)=URHOWD)

200 CONTINUE

DO 1330 I=1,NN

RHO(I)

SWRHIN=SW(I)*RHO(I)

IF(ML=1) 220,220,230

CALL JUNSAT(SW(I),OSWDP(I),RELK,PITER(I))

eeaasslALCJLATE CELLWISE TEIMS FOR P EQUATION
esees"CR STEADY~-STATEC

2273

“LOW, (S3FLI=2,

AFLN=(1-ISSFLO/2)»

“O0R TRANSIENT FLOW,

SWw(I) AND DSWDP(I)

I557L0=)

1 (SWRAON*SOP(II*PCR(TI)*R=O(I) *D5A02(I))evIL(1)/2ELTP
CFLN=PORCI)I*Sw(I)*okdlUeviL(I)
DUIT=(1=ISSFLO/ )~ (UM (1) -uUM2(T)) /DL T i

CFULNSJFLN*DUDT
eeeeedJD
°4aT(I,N8H08L7)
PvIl(I) =

PvI (D)

CELLWISE TERMS 4ND FLUTD SOCURIES
AF LN
LAE_TePMT (D) ¢ I

PMLAT (T ,MNa~LLF) ¢+
- LELN ot

O FLUXES

L)

-

T0 P

ELUATION

LAl Sl i sl Sl A Sl it ol thed Ak Nadiosaal Sodh Ak g

T100.I'.

T10ea...
T20aeaas
TSOOOQDI
T‘o-ll.l
T50c0ces
T60eanen
T?70aceee
T80eaene
T9Ceeunan
T100....
T110....
T1ZC...I
T130....
T140ccee
T150....
T160....

T180cees
T190'.'.
T200eeee
T210....
TZZO....
T230¢ce-
T240....
T250c.ee
T260caes
7270
T280cas-
T290¢e-..
T300eees
T310....
7T3200cen
T330....
T340eeee
T}SO....
T360eces
T}?O....
T380...-
T390 cces
T400cece
T61O'...
T4200cen
T430acen
Teé0oene
T450caes
TLéO-...
T470eaes
T480aass
T49Ceees
T50Jdeces
T510c¢aan
T52Cceas
T530ceas
T5404ees
7550 ccss
TS6Jeeee
T570¢eee
TS53 ceas
T5% e ens
T620eees
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p 3032007 INE 5 o 0 3 A W S5uTRA = V510N 1284-2D S10veee.s
T
1
: SUBRIUTINE 6 ¢ 0 3 a SUTRA = VERSION 1284~20 S10ceaes _®
c S2Jaeaas T
: ew DUQPOSE . SSO.-..- ‘--".4
T wxe  TO ASSEMILE RESULTS OF ELEMENTWISE INTESRATIONS INTO S40ceans Z<h
T owae 2 GL03AL 3ANDED 4ATRIX AND 5SLO34aL VI(CTOR FOR 80TH $S50cacsns L
S ex® FLOA AND TRANSPORT ELUATIONS. S60ccacs 4
C S?O.II‘. ""j
SUSRIUTINE GLIO3AN(L, M_,VOLE/BFLOWC,DOFLOWE,BTRANE,DTRANE, S80cecca .i
‘ I\JlVULIpMATIPVECIUWATIUVEC) 5900-10- o«
IMP_ICIT DOOU3LE PRECISION (A-rM,0-2) $S130ecece .
COMMON/DIMS/ NN/NZ/NIN/NBI,NB,NBHALF,NPINCH,NP3C,NUBC, S110.c.aa -
1 "SJPINSOJINBCN 5120-... ..‘J
COMMON/CONTRLY/ GNJ,UP,DTMJLT,OTMAX,ME,ISSFLO,ISSTRA,ITCYC, S130acee f-Q
1 NPCYC/NUCYC/NPRINT,IREAD,ISTORE,NDOUMAT,IUNSAT S1460cuae -jj
DIMENSION BFLOANE(G,&) ,DFLIOWEC(L) ,BTRANE(4,64),DTRANECGL, &), VOLE(L) S150case N
DIMENSION VOL(NN),PMAT(NN,NSI),PVEC(NN),UMAT(NN,NBI) ,UVEC(NN) S160ceee _J
JIMENSION INCNIN) $170ee. ]
C S180ccee :
NTI=(L=1)ret] $190ccea 1
NG=NT+3 $200..., . }
c $210cess )
T eeeaeslDD RESULTS IF INTEGRATIONS OVER ELEMENT L TO GLOBAL $220¢eee
o P-VMATRIX AND P-VECTOR $230cace
IF(ML=1) 50,50,152 S240¢cae .
50 1&=0 $250caas o
:)\) 13J II=N1I\‘4 52600000 -
IE=IE’1 SZ?O.-.. -" L
[3=INCID) S280.¢cas L}
VIL(IB)=VOL(I3)eVvILE(IE) $290ceee N
PYECCIB)=PVEC(IB) *DFLIOWE(CIE) $300ceas L]
JE=O 5310--01 ?1
D0 120 JJ=N1,N& $320ccae ]
JE=JE’1 S}}OQ-I- . E
JB=INCJJ)-IB¢NSHALF $340caas 'i'.‘
130 PMAT(18,J8)=PMAT(I3,J8) +BFLOWE(IE,JE) $350e.c.. =4
IF(ML=-1) 150,300,150 $360ceee o
c $370.cee ]
CeeeesADD RESULTS IF INTEGRATIONS OVER ELEMENT L TO GLOBAL $380cces -
o U-MATRIX $390ecas -~
150 IF(NJUMAT,.EQ.1) 3270 300 S400ecee Ry
1£=0 S4¢10ecae ®
DO 230 II=N1,N& $420aaes R
IE=1E¢1 $430.... ]
18=INCID) S440caee o
CeeeoeePOSITION FOR AOQODITION TO U-VELTOR S450ceee. s
o JYECCIB)=UVEZ(IB)+ (( )) S460csne e
JE=U S‘?O-uo- - .4
20 233 JJ=N1,N& $S480c..e @
JizJE* $S490ccan ]
J5=I\J(JJ)"I8*N8HA._= SSOO-.cc N
230 JMAT(I3,43)=JMAT(IB,J3)+DTRANEC(IE,JE)*BTRANEC(IE,JE) $S510eees
. $520ccen
339 CONTINUE $530cces

$5540eces 1
C SSSO.-.. .1
1

1

91

1

1

1

1

®

4

b

<

)

R2TURN $S560ecas
- ENO SS?OI...
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C SJUBRIUTINE ] N S A T SUTRA = VERSION 1284-20 R10ccaws
C CODING MUST 3IVec A VALUE TO JceRIVATIVE OF SATURATION WITH R610eeea
C RESPEZLT TO PR:zSSURE, JSwDP. R620cena
- R630aces
530 CONTINUE R64UTca e

C = = == = = = = = s = = = = « = == - = === ==+ ==« == == =PR650ceee.
ONUM=AA*® (VN=1,D0) *«SWRMI*(AA*{~-PRES))*x(VyN=-1,00) R650ceen
DONOM=AAPVN*AAPVYNN R670cese

DS A DP = INUM/ ONQOM R680casn

L ===~ === = = =0 =+ =0 == === === ~c == o=~ =======R090cces
3070 1800 R700eese

o g L R R R RS REY S 2 Ko
o N TR T RS- Lo N

R730....
R740....
R750....
R760.e0e
R770...
R780....

OO0

R R Ry Ry R E R R R TR T A To N
[ TR I RS -F- el s
CeaeeeSECTION (3): R810..ce
RELK VS. P, JR RELK VS. Sw (CALCULATED ONLY WHEN IJUNSAT=2) R820....
CODING MUST SIVE A& VALUE TO RELATIVE PERMEABILITY, RELK. R330....
R840c.ce

1200 CONTINUE R850...-

R i T T R N -1 ¢

([aNaNa]

SENERAL RELATIVE PERMEABILITY MODEL FROM VAN GENUCHTEN(1980) R870cacs
SWSTAR=(SW=SWRES)/SWRYW] R880caas
R EL XK = DSAIT(SHSTAR) » R890.es.
1 (1.00=C1.DJ~SWSTAR** (1, D0/VNF))*#*x(VYNF))**2 .03 R900.c..

e e e L L AL PP

a0
]

R920eaes

AR AR R AR R R N AR AR AR R R AR R RN AR AR N R R AR AN RN RR R AR AR AR AN R Rk adnaRDPTI), ,
RAERRRARR R AR R AR AR R AR R R R R AR RN RN AR AR R AR R AR AR R AR R AN R AR RN AN AR RRAN R *RROL .. 0
R950c.s.
R960....
R970ceee
R980....
R990....
R1000...
1830 RETURN R1010...
c R1020...
END R1330...

OO OO0 000

—-—l
@

Y

«

-9

o

fe—

R




OV OO YO YO DDA O DO TIOD e D

AN NNO NN N NSNS NN N

A Y Y YO (Y )

CY Y O s

LB Ay

T PR ——— L fiadl_n PR i

>uldnduTling . ‘ S M T SUTRA = veR3ION 1234=¢0 R1Jeesn
SJ3RDJuUTINE U N S A T SUTRA - VERSION 1284-20 R10....
QZJ....

«x* DYRPISE R30acae
wax  JSEI-PROSRAMMED SUBROUTINE SIVING: ReDueen
LR (1) SATURATIIN AS A FUNITION OF PRESSURE ( SW(PRES) ) R50aces
*ak 2) JQERIVATIVE J)F SATURATIOW WwITH RESPECT TJ PRESSURE R60eeee
*an AS A FUNCTION OF EITHER PRESSURE OR SATURATION R73ecse
LR R ( OSWOP(PRES5), JR D3SWOP(SW) ) R80ccsee
LA 3) RELATIVE PERMEABILITY A3 A FUNCTION OF EITHER R9%eeaes
*xk PRESSURE 0OR SATURATION ( RZL(PRES) OR RELK(SW) ) R130...
ww R110...
exx (00 3cTwECN JA4SHED LINES MUST 8& REPLACED TO GIVE THE ?120...
wxr  PARTICULAR UNSATJURATED RZLATIONSHIPS DESIRED. R130ese
R]‘O.l.

SUBRIUTINE UNSAT(SW,DSWOP,RELK,PRES) R1504..
IMPLICIT DOUALE PRECISION (A-n,0-2) R160ess
COMMON/CONTRL/ GNJ,JP,DTMULT,OTMAX,ME,ISSFLO,ISSTRA,ITCYC, R170ec0e

1 NPCYC,NUCYCANPRINT,IREAD,ISTORE,NOUMAT,IUNSAT R180¢..
R190+.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --RZOOI'.
THREE PARAMETERS =0OR JUNSATURATED FLOW RELATIONSHIPS OF R210¢ee

VAN GENUCHTEN(198Q) R220¢ e«
RESIDUAL SATURATION, SWRES, GIVEN IN UNITS [L*»0)] R230...
PARAMETER, AA, GIVEN IN INVERSE PRESSURE UNITS [mx(s*x2)/kgl R240..s
PARAMETER, VN, GIVEN IN UNITS (L»=«Q] R250...

JATA SWRES/0.3020/, AA/5.30-5/, VYN/2.000/ R260...
e A S S et A e S i - 416 PP
RZBOIII

R290aes

R}OO..‘

R310ees

Rszo--.

R330cee

(A S R A R R N A N R R R R R X R R R SRR R KRN XY I
A AR R Ry e R R R XY R Yo PR
eeeeeSCCTION (1) R360...
Sw VS. PRES (vA_UE CALCJULATED ON EACH CALL TO UNSAT) R370 e
TO0JINSG MUST SIVE w VA_UE TO SATURATION, SwWe. R380...
R39J...

ST T e st s s s s e e s s s s s s === = = = = = R4ODJ..e
THREE PARAMETER M)ODEL OF VAN GENUCHTEN(1980) R410uae
SwIM1=1,00-SWRES R620...
AAPVYN=1,D0+4(aA%(-PRES))ewyN R630...
VNF=(VYN=1,00)/VN RebQaue
IAPVNNZAAPVN® AVNF R450...

S W = SWRES+*SARMI/FAAPVNN R450...
et S A A R T S S AR - " 410 TP

L N N S P R R R R S R A o I

RN R R AR R AR AR R E RN AR R AR R R R RN R RN R AR R I AR AR R AR bRkt *2R90,..

IFCIJUNSAT=2) 523,1200,1800

2530..
R510..
R520..
R53J..
RS4Q..
R550..
R560..

A A A AAA S AN RS S S A R NS A R R A R R A R RN EE LAV

AR AAAE RS AR R AR R AR R R R R R IR R NN LRI LY 10 P

SzCTION (2):

25Wi9 V5. PRZI5, O USHDP VS,

A afmle. sl alal . _als..ale s _ ~' a.

SH (CA_CUCATED ONLY wHEN L[uN3AT=1)

S S . Pl

R53J..
R63J..

Py

v

v 'e e,




(@]

SUBRIJVUTINE B8 A4 S I S 2 SUTRA - VERSION 1284-20 Q10.....

C Q1810...
CoeoaocASYMMETRIC FUNCTIONS SIMPLIFY WHEN UP=0.0 Q1820...
IF(UPGTe1.00=-6.AND.NODUMAT,EQ.0) GOATD 1790 Q1830...
00 1730 1=1,4 Q1840...
W(I)=F(I) 21850...
DWDXZ(I)=DFOXG(I) 31860...
DWDYS(I)=DFQRYG(I) 21870...

1780 CONTINUE Q1880..s

CeeeeoRETURIN WHEN INLY SYMMETRIC WEIGHTING FUNCTIONS ARE USED A1890. ..

RETUIN Q1900...

C Q1910...

Cavene”ALCJSLATE FLUIO VELOCITIES WITH RESPECT YO LOCAL COORDINATES, 91920...

Ceoesee VXL, VYL, AND VLMAG, AT THIS LOCATION, (XLOC,YLOC). Q1930...

1790 VXL=CIJ11aVX5+4CI1J212VYG A194C...
VYL=ZIJ12«VXGH+CIJ22+VYG Q1950...
VLMAS=DSQRT(VXL*VXL*VYL*VYL) Q1960...

C Q1970...
AA=0.000 Q1980...
83=0.000 319992...
IF(VLMAG) 1930,1930,1800 22000...

1830 AA=UPAVXL/VLMAG Q2010...
BB=UP*VYL/VLMAG Q2020...

C 22030...

1900 XIXI=.75000~AA*XF1xxF2 Q2040...
YIYI=.75000+B83#YF1*YF? Q2050...

D0 2230 I=1,4 Q2060...
AFXCI)=,S0D0*«FX(I)+XIIX(I)*eXxIX] Q2370...

2000 AFY(I)=.5000*FY(I)+YIIY(I)eY1Y] Q2080...

o Q2090...

CeeeeeCALCJULATE ASYMMETRIC WEIGHTINS FUNCTION, We. Q2100...

00 3330 I1=1,4 Q2110...

3300 W(I)=AFX(I)*AFY(I) Q2120...

o Q2130...
TT‘AAK=0¢5000-1.SOJO'AA*XLDC Q2160.-.
THBBY=0.5000-1.5000+88+YLOC Q2150...

00 4230 I=1,4 Q2160...
XOWCI)=XTIXCI)®*THAAX Q2170...

9300 YOWCI)=YIIY(I)=TH3BY Q2180...

o Q2190...

CoeeealALCJLATE DERIVATIVES WITH RESPECT TO LOCAL COORDINATES. Q2200...

DO 5200 I=1,¢ Q2210...
DADX_(I)=xXDOW(I)*AFY(I) Q2220...

5330 OwOY_(I)=YDW(I)*aFX(I) R2230...

¢ Q2240... -

CeeaealALT JLATE DERIVATIVES WITH RESPEIT TO GLOBAL COORDINATES. 2250, .. -
DO 6330 I=1,4 Q2269... ; }
DADXNSCI)=CTulT=0WIXLCI)+ZI012+0mwDYLIY) Q2270... R

5300 OwdYSCI)=CIJ2120d0XL(I)*01J22«0W0YL (L) S228J... ®

C £2290... e

o 22300... L
RETURN 22310...

END 32322...

363




Il 1203

LN

) Cenane
' 1722
) 1725
17353
1759
1755
1757
)
)

. ..
E— cote - -
[SLEPNR, WL I, W N, DA, ] L, BN

>u3xduT iz 3

1>
wy
>

w
~

IPIX5=0.3

3PJY5=3.00

PIRS=J.0)

TAICK3=3.J20

20 1330 Iu=1,0

FERQULE DR FANE D

I=InCID)
SPOX5=DPOXGHAVIL(I)=DFOXS(IL)
JPOYS=0PDYS*2v S L (I)*DFDYG(IL)
PIR5=PORG+POR(I ) «=(IL)
TAICKGS=THICKS*THICK(I)2F(IL)
PITERS=PITERG+PITZIR(I)*F(IL)
UITERS=UITERS*UITZIR(II=F(IL)
CONTINUE

SET VALUES FIR JENSITY AND VISCOSITY
RAOL = FUNCTIIN(UITER)
RHOG=RHOWO*IRWDUS(UITZRG-URHOND)
VISCS = FUNCTION(JITER)

VISCOSITY IN UNITS OF VISCI*(KG/(M=xSEL))
IF(ME) 1300,13040,1200
VISCS3=VISCO*239.40-7+%(10.00*+(248.3700/CUITERG*+133.1500)))
530T0 16400
FOR SOLUTE TRANSPIRT... VISCS IS TAKEN TO BE CONSTANT
VISCG=VISCO
CINTINUE

SET JNSATURATED F_OW 2ARAMETERS SWG AND RELKG
IFCIJUNSAT=2) 15609,1530,1600

IF(PITERG) 1550,1503,1600

CALL UNSAT(SAG,DSwDPG,RELKG,PITERG)

3970 1700

SW3=1,000

RELK3=1.,029

CONTINUE

CALCJLATE CONSIST:ENT FLUID VELOCITIES WITH RESPECT TO GLOBAL
COORDINATES, VXG, VYG, AND VGMAG, AT THIS LOCATION, (XLOC,YLOC)Q1580...

DENOM=1,00/(PORG*SWG*VISCS)
PGX=JIPOXG=-RGXGMI
PoY=)JPDYSG-RGYSMY
LZRY JUT RANDQOM 3JUYANT DRIVING FJORCES JUE TO DIFFERENCING
NUM3ERS PAST PRECISION LIMIT
MINIMJUM JRIVING FORZE IS 1.0-10 JF PRESSJURE GRADIENT
(TRAIS VALUE 9vAY 38 CHANGED DEPENJDING ON MACHINE PRECISION)
IF(JPOXxG) 1720,1730,1220
IF(OA3S(PGX/IPOXG)=1.20-12) 1725,1725,1730
P5x=3.300
IF(OP0YG) 1753,17560,1750
IF(OABS(PSY/IPOYS)=1.30-10) 1755,1755,1760
25Y=2.000
VAG==JENOM*(PIRMXX (L) *PLX*PERMXY (L) *PGY) *RELKS
VYSE2=JENOMe(PEAIMYX(L) #PGUEPEIMYY (L) &PSY)#RELKS
VXG2=VXGHV Xy
VYS2SVYGeV Y,
VIMAS=DSIRTAVXS2%VYS2)

AT THIS POINT IN _O0CA_ (OJRDINATES, (XLOZ,YLOD).,
¢ CALCULATE ASYMMETRIC WEIGHTING FUNCTIONS, w(l),
AND SPACE JERIVATIVES, JWIxG(I) AND DOWwOYG(ID.

R N TR
- e e N P
W WL WL N P )

Su RA = VERSICN 1284720 d10.eeee

21210...
Q1220...
31230... :
21240... ]
21250... ~

21260...
21270...
Q1280...
Q1290...
21300...
21310... :
21320... -
a1330... -
Q1}40..' ;

21350... 7!!
:

jzt5f7'

.
LR M LR
SRR A .,

Aededad & od 4 )

A1370...
Q1380...
Q1390...
Q1400+.. S
Q1410... “ol
Q1‘20-.¢ "'_1
Q1430... RN
014‘0...

Q1450... )
Q1460... T
01670... "__]
Q1480... [}
01490000 :
Q1500... sl
Q1510... =
21520... ]
31530... "_‘.'J
Q1540... T
Q1550... @
Q1560... 7]
A1570. .

Q1590...
Q1600..I
Q1610.I.
Q1620... =~
Q1630l.l '
Q1640...
01650...
Q1660...
A1670...
Q1680...
21690...
A91700...
31710...
A1720...
31730...
:17’*0..'
31750. ..
J176C. e
3177000
Q1780cae
31790...
31800...
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C SU2ROUTINE B8 A4 5 I s 2
C
CevoaeoCALCULATE ELEMENTS OF JACOSIAN MATRIX, CJ.
€J11=0.00
€J12=0.00
€J421=0.00
€J22=0.00

09 100 IL=1,4%
II=(L-1)*4+]1L
I=INCID)
CI11=CJI1+CFOXLCIL) »X(D)
CJ12=CJ12+CFOXLCILY»Y(I)
CJU21=CJRI+DFDYLCILY =X (I)
10C CJ22=CJU22+0FOYLCIL)»Y (D)

o

CeeeasCALCULATE DETERMINANT OF JACOEBIAN MATRIX.
DET=CJ11+CU22~CJ21+CJ12

C

CeeeeoeRETURN TO ELSEMEN WITH JACOBIAN MATRIX ON FIRST TIME STEP.
IFCICALL.EQ.Q) RETURN

C

Cowees s CALCULATE ELEMENTS OF INVERSE JACO3IAN MATRIX, ClJ.
ODET=1.0G/DETY
CIJ11=+00ET*CJ22
CIJ12=-0DET~CJ12
CIJ21=-00ET=CJ21
C1J22=+00ET+CU11

C

CovaeasCALCULATE DZRIVATIVES WITH RESPEZCT TO GLCEBAL CCORDINATES
00 200 I=1,4
DFOXGCI)=CIJT1+~0FOXLCI)+CIJI2*«CFDYL(I)

200 OFDYG(I)=CIJU21+CFOXL(I)+CIJ22+CFOYL(I)

C
Coeeeo CALCULATE CONSISTENT COMPONZINTS OF (RHO*GRAV) TERM IN LCCAL
C COORODINATES AT THIS LCCATICN, (XLOC,YLGCC)

RGXL=J.D0

RGYL=0.00

?GXLM1=0.C0
RGYLM1=0.DC
DO 800 IL=1,4
TI=(L=-1)*4+TL
I=INCID)
ADFOXL=04BS(DFOXLCIL))
ADFOYL=DABS(OFCYL(IL))
ROXL=RGXL4RCITVA(I)»GXSIC(L,IL) ~ADFDXL
RGYL=RGYL*RCIT(I)*GETA(L,IL)=ACFDYL
ROGXLMI=RGXLMT+RCITMI(I) »GXST(L,IL)*ADFOXL
RIYLMI=RCYLMI+RCITMI(I)*GETA(L,IL)=A0FOYL
800 CONTINUF
c
CeoeeaTRANSFORM CONSISTENT COMPCNENTS OF (RHO®GRAV) TERM TO
¢ GLCBAL COCROINATES
ROXG=CIJII~ROXL*CIJT12=ROYL
RGYG=CI1J21=RGXL*CIJ22*RSYL
RGXGMT1=CIJT1eRGXLMI+CIJTI2+RGYLMT
RGYGM1=CIJ21«RGXLMTI+CIJ22+RGYLM
¢
CoueeesCALCULATE PARAMETEIR VALUES AT THIS LECATIOK, (XLTC,YLOC)
¢
PITERG=0.0C
UITERG=0.0C
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SUTRA ~= VERSICN 12£84-2) Q1Ceesss

C510....
C520.e..
C6300ese
ce‘c..l‘

“450....
rcARD

W2l Uleeas

Cb?o-...
:580."‘
Cs9C0.ase
37CJ....
c?10...l
C722...,
c?}c....
c?‘o.'l.
C75C....
c?éo.i..
C770¢ee.
C78C....
C790cene
L200....
C31Ce.an
C22C...,
<530....
CELO...I
QZ5Cceas
C56Caans
C27Cenee
Q283444
C290..e.
C3C0esns
L¥1C....
:920-.'.
C923aasn
CQLC.IOI
CQSOICOI
A36Ceans
C37Cevse
C¥3C.ues
c?QO.III
Q1CDC...
G1C1C..
C10zC...
C102C...
C10“C.Il
€13sC...
C104C...
C1C7C...
C108C...
C109C...
:1130..'
11ic...
Q112C...
C113C...
c11‘c—..
C115C...
C116C...
C117C ...
Qr1sc...
:11?0..'
C1z2CC...
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s aNaNaNaN el
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c

Crolo

SUSRCOUTINE

SUSROUTINE

*x% PURPOSE :

#*«% TO CALCULATE VALUES OF

vk DIRIVATIVES.,

TRANSFORMATION MATRICES

SUTKRA

SUTRA

LA I MR “B i i Y SR e o R

VERSION 1

om

L=

~y
lw]

0~y

VERSION 1284-20

SLSIS AND WTIGHTING FUNCTIONS AND THEIR
ZETWEEN LOCAL AND GLC3AL

«xx COCRDINATES AND PARAMETER VALUSS AT A SPECIFIED POINT IN A
*e&  NQUADRILATERAL FINITE ZLEMENT,

SU2ROUTINE 3ASIS2(ICALL,L,XLOC,YLOC,IN/X,Y,F W, DT,

1 DFOXG,OFDYS/CWCXG,0nOYG,PITERLUITER,PVEL,PCR,THICK,THICKG,
2 VXGrsVYG,rSHWS,RHOG,VISCG,PORG,VOMAG,RELKGY

3 PEZRMXX,PERMXY ,PERMYX,PERMYY,CI11,CJ12,C421,C022,
4 GXSI,GETA,RCIT,RCITMI,RGXG,RGYG)

IMPLICIT COU3LE PRECISION (A-H,C-2)
COMMON/ODIMS/ NN/NE,NIN,NBI,NB,NEHALF,NPINCH,NPEC,NUBC,

1 NSOP,NSQU,N3CN

COMMON/CONTRL/ GNU,UP,CTMULT,ODTMAX,ME,ISSFLO,ISSTRA,ITCYC,

1 NPCYC,NUCYC,NPRINT,IREAD,ISTGRE,NCUMAT,IUNSAT

COMMON/SATPAR/ PCENT,SWRES,PCRES,SSLOPE,SINCPT

COMMON/PARAMS/ COMPFL,COMPMA,DRWOU,CW,CS,RHOS,CECAY,SIGMAW,SIGMAS,

1 RHOWC,URHOWO,VISCO,PRCOF1,PRCODST1,PRODFO,PROCS0,CHIT,CHI2
COMMON/TENSOR/ GRAVX,GRAVY
oQu3LE PRECISION XLOC,YLCC
CIMENSION INCNIND,XCNN),Y(NN),UITER(NNI,PITER(NNI,PVELINN),

1 PORCNN) »PERMXX(NE) »PERMXY(NE) ,PERMYX(NE) JPERMYY(NE) ,THICK(NN)
OIMZINSION GXSI(NE,&4),GETA(NE,&),RCIT(NN),RCITMT(NN)

DJIMENSION F(4) W(L),DFOXG(4L),OFCYG(L),OWDXG(4L),DADYG(4)
DIMENSION FX(4),FY(4L), AFX(4L),AFY (L),

1 DFOXL(4L),OFOYL(4),DWOXL(4), OWOYL(S),

2 XOWC4A) ,YDW(L) , XTIX(CL),,YIIY(SL)
CAaTA XIIX/=-1.0C,+1.00,+1.CC,-1.007~
1 YIrv/-1.00,-1.00,+1.00,+1.2C/

seeeeAT THIS LOCATICN IN LOCAL COORDINATES,

CALCULATE SYMMETRIC WEIGHTING FUNCTIONS, F(I).,

SPACE CERIVATIVES,

DFCXG(I) AND DFDYG(I), AND

DETERMINANT OF JACOSBIAN, OcT,

XF1=1,00~-xL0C
XF2=1.00+xL0C
YF1=1.,C00-YLOC
YF2=1.00+YLOC

FXC1)=XF1
FXC2)=XF2
FX(3)=XF2
FX(4)=XF1
FY(1)=YF1
FY(2)=YF1
FY(3)=YF2
FY(4)=YF2
o 10 1=1,4%

CALCULATE BASIS FUNCTICN, F,

10 F(I)=0.25000«FX(I)*FY(I)

D0 20 1=1,4

SFOXLCI)=XIIX(1)#0.25CCO+FY(I)
2C GROYLCID=YIIY(I)*C.25CC0«FX(I)

360

(XLcC,YLCC),

CALCULATE DERIVATIVES WITH RcSPECT TO LOCAL COORDINATES.

Q10.aces

CG1%caens
8204 eeee
c:o..’l.
QLOII.II
csg.lll.
CsCecvnee

C?C.....

an
SVUsss e

C;Oo-no.
L100....
S110....
C12ecee
S13Jecee
Q14l....
C150....
2150....
C17Ceene
c183...‘
C19%0....
3200eaen
C21C...‘
G220....
C230...e
CZ‘“CI...
G25Ceaee
226J.a.
C270ecss
Czsg....
Ci90.cens
:SCO....
<310...e
C32%..4
:330....
C34J.4.e
C3250....
C360.e.
C37Ceee
C38C.c.s
<370csee
c‘o:‘n.c.
341C..es
L6200
{;43000..
Cs40..ne
C‘SO'..I
:‘boll..
C473.ane
C683....
L490..en
CSOC.I..
€510,
G520.a.s
CS}O....
cs“o.'..
C550eess
cséol.-.
C57Causs
C580eesn
£590cass
c600-ooc

el

v
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c SUBRIJUTINe E L E M E N

SUTRA = VERSION 1284-20 P10cecee

Ceeeee IN-PARALLEL CONDUCZTIVITIES (DIFFUSIVITIES) FORMULA P24610.s.
6920 ESESESRCGRSIGMAA+ (1. D0-PORG(KG))I=RHOCWEHSIGMAS P2L20...
CuvoeohDD JIFFUSION AND OISPERSION TERMS TO TOTAL DISPERSION TENSOR P2430...
3XXG(KG)=ESRCG*IXXG*ESE P2440...
BXYGU(KG)=ESRCG*IXYS P2450...
BYXG(KG)=ESRCG*DYXG P26460...

7000 BYYG(KG)=ESRCG*IYYG+ESE P2470...
c P2480...
CeeoeeINTESRATE SOLUTE MASS BALANCE OR ENERGY BALANCE P24690...
C USING SYMMETRIC WEIGHTING FUNCTIONS FOR DISPERSION TERM AND P2500...
c USING EITHER SYMMETRIC OR ASYMMETRIC WEIGHTING FUNCTIONS P2510...
C FOR ADVECTION TERM P2520...
DO 8000 I=1,4 P2530...

0D 80C3 J4=1,4 P2540...

81=0.00 P2550...

07T=0.00 P2560...

DD 7500 K3=1,4 P2570...
AT=BT+((3XXG(XG)*DFDOXG(J,KG)+BXYS(KG)*#DFDYG(J,KG)) *DFDXG(I,KGIP2580...

1 +(BYXG(K3)*DFDXG(J,K3)+BYYG(KG) *DFDYS(J,KG)) *DFDOYG(I,KG)IP2590..

2 *DET(KG) P2600...

7509 IT=DT+C(EXGC(KG)*DFIXG(J,KGI+EYG(KGI*DFDYG(J,KG)) P2610...
1 *W(I,KG)*DET(KG) P2620...
BTRANE(I,J)=BT P2630...

8300 ODTRANE(I,J)=DT P2640.ee
9000 CONTINUE P2650...
C PR2660...
C P2670...
CeeseaesSEND RESULYS OF INTEGRATIONS FOR THIS ELEMENT TO P2680...
c GLOBAL ASSEMBLY ROJTINE P2690...
9999 CALL GLOBAN(L,ML,VOLE,BFLOWE,DFLOWE,BTRANE,DTRANE, P2700...
1 IN,VOL/PMAT,PVEC,JMAT,UVEL) P2710...

( = = = = = = = = =@ @« =« = & & =« o &2 =5 == === =- - - - - = P2720...
{ = = = = = = = = = = = = = @ & & &2 & s, SS”Fsmmm==" - = P2730...
C = = = = = = = = = = = = = = =« =« S e - - - - = P2740...
C P2750...
c P2760...
RETURN P2770...

END P2780...
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3630

5339

5230
522)

6130

[a NSNS

6300

6530

Oy O

1
2
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20 5400 %5=1re
VIZVO+F(L,KG)*JET(KG)
IFSIF+((RXXG(K3II*RGXGIKG) *RXYG(KGI *RGYS(KGII*DFOXS(I,KG)
+ (RYXG(KG) *RSXG(KI) *RYYG(KG) *RGYS(KG))I*DFIYS(I,XG))
#JET(KG)
20 5800 J=1,4
8==0.00
JJ 5600 xG=1,4

RS

"Bt A AR A A S S

SLUTRAE = VERSION 12%6=20 Pllecees

p1310...
P1820...
p1830.-.
P1840...
P1850...
p18°0...
91870-¢-
P1880...

IF=3F+((RXXG(KG)I*IFOXG(J,GI+RXYG(KG)*DFIYG(J,XKG))*DFOXG(I,KG)P1890...
+ (RYXS(K3I*DFOXG(J,K3)*RYYG(KG)*DFOYG(JU,KG))*DFOYG(I,KG))IP19]00..e

*CZT(KG)
B=LOWE(I,J)=8BF
VOLE(I)=VD
JFLOWE(I)=DJF

CONTINUE
IF(ML=1) 5120,9730,6100
IF(NOUMAT.EQ.1) G3GTD 9002

AT GAUSS POINTS

00 7000 KkG=1,4

ESWG=PORG(KG) *SWG(K3)
RHOCWG=RH0G(KG) ~CwW
ESRCG=ESWG*RHOCAG
IF(VGMAG(KG)) 6300,5300,6600
EXG(KG6)=0.303
€Y53(KG)=0.000
Dxx6=0.300

0xY53=0.0300

0vx5=0.000

2YY53=0.J00

GOTJ 6900
EXS(KG)=ESRCG*#VXG(KS3)
EYS(KG)=ESACG*VYIG(KG)

eeeeeJISPIRSIVITY MODEL FOR ANISOTROPIC MEDIA

WwITH PRINCZIPAL DISPERSIVITIES: ALMAX,ALMIN, AND ATAVG
VANGG=1.57379632700

IF(VXG(KG) *VXG(XG)o53T.0.003) VANGG=DATAN(KVYG(KG)/VX5(KG))
VKANGG=VANGG-PANGLE(L)
DIJ=DCOS5(VKANGG)
DSI=DSINCVXKANGG)

CeveeeeEFFECTIVE LONSITUDINA. DISPERSIVITY IN FLOW DIRECTION, ALEFF

ALEFF=0.00)

IFCaLMaX(L)+ALMINCL)) 6803,5800.,6700
ALZFF=A_LMAX(L)*ALMINCL)/CALMINCL)*DCO*DCO+ALMAX(L)*DSI*DSI)
DLS=ALEFFay IMAG(KG)

DT5=ATAVG(L)*VGMAG(KG)

V25MI=1,00/(VOMAG(K3) «VGMAG(KG))
V2ILTG=v25MI*(2_6=0TG)

VX253V X3(K5) *VX5(KG)
VY2G=VYG(K3)*VY5(KG)

T eoeseI[SPERSION TENSOR

(@}

DAX3=V25MIA(IL5«VX25¢0T5evY2G)
JYYS=V25MI~(DTGaVX25+DL5*VY2G)
IXYS=V2ILTS#VXG(KG) *#VYG(KG)
JYxs5=0xY%

eeees CALCJLATE PARAMETERS FOR ENERSY BALANCE OR SOLUTE MASS BALANCE

p1910.‘l
p1920.l.
P1930c.e
P1940...
P19SO..I
p1960l..
P1970-.‘
P1980'-.
P1990...
P2000...
92010--.
p2020...
P2030I..
pzo‘o..‘
P2050...
pzoéo‘..
P2070...
9208000‘
P2090...
P2100...
p2110Ill
P2120...
P2130...
P2140...
P2150...
P2160...
P2170...
P2180...
92190...
P2200...
P2210.l.
PZZZOIOO
P2230...
PZZ‘O.I.
P2250...
P2260...
P2270...
pzzao-t.
92290..‘
P2300...
P2310...
P2320...
p23300l.
P2340cee
p23so...
P2360...
P23704 e
P2380...
Pz}goll.
P2400.c.e
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< SUBROUTINE E « E M E N SUTRA = VERSION 1284-2D P10..... -
VMAS(L) =DSQRT(AXSUM®AXSUM+AYSUM*AYSUM) /4,000 °1210...
IF(AXSUM) 2503,2700,2800 P1220...

2500 AYX=AYSUM/AXSUM P1230...
VANS(L)=DATAN(AYX)/1.7453290-2 P1240...
IFCAYSUM.LT.J.002) GITO 2600 P1250...
VANG(L)=VANS(L)+180.200 P1260... -
GOTY 3000 P1270... —

2500 VANG(L)=VAN3(L)>-180.200 P1280...
6G0T2 3000 P1290... e

2700 VAN53(L)=93.000 P1300... CICRN
IF(AYSUM.LT,.0.002) VANG(L)=-90.200 P1310... ™
GOT2 3000 P1320...

2830 AYX=AYSUM/AXSUM P1330... R
VAN3C(L)=DATANCAYX)/1.7453290~2 P1340... -

c P1350...
CeeeeeINCLJOE MESH THICKNESS IN NUMERICAL INTEGRATION P1360...
3000 00 3300 KG=1,4 P1370...
3300  DET(KG)=THICKG(KG)*DET(KG) P1380...
< P1390...
CeeeesCALCULATE PARAMETERS FOR FLUID MASS BALANCE AT GAUSS POINTS P16400... S
IF(ML=1) 3400,36420,6100 P1410... -

3400 SWTEST=0.00 P16420... e

30 4000 KG=1,6 P1430... e
SWTEST=SWTEST+SAG(K3) P1440... e
ROMG=RHOG(KG)I*RELKG(KG)/VISCG(KG) P1450... R
RXXG(KG)=PERMXX (L) *ROMG P1460... ]
RXYG(KG)=PIRMXY (L) *ROMG P1470... Ay
RYXG(KG)=PERMYX (L) *ROMG P1420... )
RYYGC(KG)SPERMYY (L) *ROMG P1490... o

. 40300  CONTINUE P1500... ey
" C p1510--. '.’_ N
! Ceeeeos INTEGRATE FLJUID MASS 3ALANCE IN AN UNSATURATED ELEMENT P1520... RN
- c USING ASYMMETRIC WEIGHTINS FUNCTIONS P1530... L
L IFCUP.LE.1.0D-6) GOTI 5220 P1540... S
ﬂ IF(SWTEST-3.99900) 4200,5200,5200 P1550... -
i €230 00 S000 I=1,4 P1560... ]
8 0F=).00 P1570... LT
: v0=0.00 P1580... )
/ 00 «400 kG=1,4 P1590... 4
! VI=VO+F(I,K5)*IET(G) P1600... R
; 4439 IE=DF+ ((RXX5(X3)*RGXG(KGI+RXYG(KGI*RGYG(KG)) P1610... 9.
- 1 *DADXG(I/KS) P1620... Lo f
- + (RYXG(K3)*#RXG(KG) *RYYG(KG) #RGYG(KG)) P1630...
[ 3 *UWDYGCI,KG)) #DET(KG) P1640...
1 20 4800 J=1,4 P1650... el
A 8F=0.00 P1600... RO
SO 4600 K3=1,4 ©1670... N
«532 3F=BFe((RXAXSCCG)*IEOX5(IsXG)#RXYG(KG) *DFDYGCI,KG))I*DWOXG(I,KGIP1680... e
- 2 *(RYXG(K3)2DFDXG(JrX3)#RYYS(KG) *LFOYG(J,KG))*DWDYG(I,KG))IP1690. .. ”:T{wj
. 3 *CET(KG) P1700... S
3 «343 55L0AE(1,J)=8F P1710... R
. VOLECI) =vO P1720... TR
- 5332  DFLOWE(I)=0F P1730... S
; S0TJ3 6200 P1740... i
< P1750... . S
Ceees o INTEGRATE FL YLD MASS 3ALANTE IN & 3ATURATED OR UNSATURATED P1760... e
- Z CLEMENT US{NG SYMMETRIL wEIGRTING FUNTTIONS P177%... RN
. 5200 42 5320 11,4 P1785... )
. 2F= .02 P1790.. o ““
3 VusJaio 18304,
3 r
1Y - .4
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o SU3ROUTINE & L E M E N SUTRA = VERSICN 1284=2D P10....s
CALL B3aSIS2(CCOO0,L/XLCCAYLCC,INAZX Y, FC1,IL),n¢1,IL),DETCILY, P£10.ues
1 CFDXGC1,IL),DFOYGCI,IL) ,OWDXGCT1,IL),5wdYG(1,IL), F52%ceas o
2 PITER,UITZR,PVIL,POR,THICK, THICKGCIL) ,VXGCIL) ,VYCCIL), PA3Cuena -
3 SWG(IL),HCGCIL) »VISCOCIL),PORGCIL) ,VOMAS(IL) JRELKGCIL) PbbDuuas D
4 PERMXX,PERMXY,PERMYX,PERMYY,CJT11,CU12,Cu21,CH22, 755Caeas .
5 GXSI,GETA,RCIT,RCITMI,RGXGCIL)»RGYGCIL)) P460aces ]
GXSICL,IL)SCJU11*GRAVX+CII2GRAVY PF57000as ~—d
SETACL,IL)SCU21%GRAVX+CI22+GRAVY P530uase w.f
Ceeeeo CHECK FOR NEGATIVE- CR ZZRO-AREAR ERRORS IN ELEMEINT SHAPES PLIT.cen g
IF(DET(IL)) 2C0,20C,500 F7004uns o
200 ISTOP=1STOP+1 P712:4se S
WRITECS,40C) INC(L=1)*4+IL),L,DET(IL) P720cess R
400 FORMAT(I1X,°THE OSTERMINANT GF ThE JACOBIAN AT GAUSS POINT “,14,P730e.e. ]
1 * IN ELEMENT “,14,° IS NEGATIVE OR 18RO, “,1PE15.7) P760ueee - i.
SO0 CONTINUE F750c0ss :
1000 CONTINUE P76)uuss ]
c F770¢ees o
WRITE(6,1500) P?79Ceces ]
1500 FORMAT(//////11X,°SOME ELEMENTS MAVE INCORRECT GEOMETRY.® PE00.ces ]
1 /741X, °FLEASE CHECK THE NODE COCRDINATES AND °., Pi10eens "ol
2  “INCIDENCE LIST, MAKE CORRECTIONS, AND THEN RERUN.///17111 P220¢ens A
3 11%X,°S I MULATION HALTETD/ P32C.vss S
A L0 B O S | P2LDuasn e
ENDFILE(S) P330cnsus
STOP P24604eee
C P37Q--.. —— el
CeeeeslOOP THROUGH ALL ELEMENTS TO CARRY QUT SPATIAL INTEGRATION P220.... Y
c OF FLUX TERMS IN P AND/CR U EQUATIONS P350eess ]
2C00 IF(IUNSAT.NE.O) IUNSAT=2 P30Ceeee R
c----- R I R I e R R = P710cses RNy
C ...... - - - - s - - ;WW S S Se eSS e et s s, - - png.noo -‘--.':l
c ----------------------------------- P930.... .‘-:_-
30 9999 L=1,NE PO40.cuse S
xIx==-1.00 P350cass .8
YIY:-’.OO p9600-¢. ]
KG=D P37Ceces v
. CoesssO3TAIN BASIS FUNCTION AND RELATED INFCRMATION AT EACH GF P?8Jecns =
V ' c FOUR GAUSS POINTS IN THE ELEMENT P99 cann -
"Ah L‘O 22;0 IYL=1IZ P1COC... .-".‘-‘
[ 00 21C0 IXL=1,2 P1C1Ca.. 4
| @ KG=KG+1 P1G2C... -9
o YLOC=YIY+GLOC P104Caee sl
CALL 2ASIS2(0001,L,XLOC,YLOC,IN, X, Y, F(T1,RG) W (1 ,KG),DETIKG), P105C... .‘
Fu 1 CFCXG(1,K6),IFCYG(1,K5) ,CWOXGC(T1,KG) ,CWDYG(1,KG), P104Ceus o]
- 2 PITER,UITER,PVEL,PCR,/THICK,THICKG(KG) »VXG(KG),VYG(KG), F197C.e R
® 3 SWGCKS),RHOG(KG) ,VISCG(KG) ,PORGIKG) ,VGMAG(KG) JRELKG(KG) » P132C... °
- 6 PERMXX,PERMXY,PERMYX,PERMYY,CJ11,CJ12,CU21,Cu22, F109C..a -
- 5 GXSI,GZTA,RCIT,RCITM1,RGXGC(KG),RGYG(KG)) F1130... ]
N 2160 XIX==-XIX P111C... -
L 2200 vIv=-vIY P1120... S
- c _ P113C... T
[ CoeessCALCULATE VELOCITY AT ELEMSNT CENTROID WHEN RECUIRED P114C... e
o IFCKVPRNT=2) 3C00,2300,3000 P115C... o
1 2300 AaxsSumM=0.0C0 P114C.e. S
... AYSUM=0.0C0 P117C... L]
- 00 2400 xG=1,4 P1128C... SRR
- AXSUM=ZAXSUMEVXG(KG) P1130. ..
- 2600 AYSUM=ZAYSUMPYYG(KG) P120C... L
] 356 .
3 i .'-
3 - -
b, - . .
r ' - ..A;?_ - . . e e ; 3o - P
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SJUBRIOUTINE E L &€ M E N SUTRA =
SUBRIUTINE E . E M E N SUTRA - VERSION 1284-20
PURPISE :

TO CONTROL AND CARRY OuT ALl CALCULATIONS FOR EACH ELEMENT BY

OBTAINING ELEMENT INFORMATION FROM TmE BASIS FUNCTION ROUTINE,
CARRYING OUT GAUSSIAN INTEGRATION OF FINITE ELEMENT INTEGRALS,
AND SENDING RESULTS OF ELEMENT INTESRATIONS TO GLOBAL ASSEMBLY
ROUTINE. ALSO CALCULATES VELOCITY AT EACH ELEMENT CENTROID FOR
PRINTED 0OUTPUT.

SUBROUTINE ELEMEN(ML,IN, X, Y, THICK,PITER,UITER,RCIT,RCITM1,POR,
ALMAX,ALMIN,ATAVG,PERMXX,PERMXY,PERMYX,PERMYY,PANGLE,
VMAG,VANG,VOL,PMAT,PVE L, UMAT,UVEC,GXSI,GETA,PVEL)

IMPLICIT OOJUSLE PRECISION (A=-H,0-2)

COMMON/DIMS/ NN,NE,NIN,NBI,NB,NBHALF,NPINCH,NPBC,NUBC,
NSOP,NSOU,NBCN

COMMON/TENSOR/ GRAVX,3RAVY

LAl A et Sl et Ad Al b At Al et A AR

VERSION 1284=2D P1J..... e

p13..l..
P20ccess
psjl.-'.
P4luecene
pSo-.l.‘
pbo.l..l
P70cecasce
P80cecses
P90ceces
P100.... S
p110..-. -'_t.j':
P120.... R
P130ceas R
P1‘0.o-- —
P'SO.-.-
P160....
P170ucean B

COMMON/PARAMS/ COMPFL,COMPMA,DRWDU,CW,CS,RHOS,DECAY,SIGMAW,SIGMAS,P180....

R40W0O,URHIWO,VISCO,PRODF1,PRODST1,PRODFO,PRODSO,CHIT,CHIZ
COMMON/TIME/ DELT,TSEZ,TMIN,THOUR,TDAY,TWEEK, TMONTH,TYEAR,
TUMAX,DELTP,OELTU,DLTPMT,DLTUMI,IT,ITMAX
COMMON/CONTRL/ GNJ,UP,DTMULT,DTMAX,ME,ISSFLO,ISSTRA,ITCYC,
NPCYC/NUCYC,/NPRINT,IREAD,ISTORE,NOUMAT,IUNSAT
COMMON/KPRINT/ KNJODAL,KELMNT,KINCID,KPLOTP,KPLOTU,KVEL,KBUDG
DIMENSION INCNIN)/XCNN),Y(NN),THICKCNN),PITERC(NN),
UITER(NN) ,RCIT(NN),RCITMI(NN),PORCINN) ,PVEL(NN)

DIMENSION PERMXX(NE),PERMXY(NE) JPERMYX(NE),PERMYY(NE),PANGLE (NE),

ALMAX(NE) ,ALMINC(NE)  ATAVGINE) »VMAG(NE) ,VANG(NE) ,»
GXSI(NE,4),GETA(NE, &)

DIMENSION VOL(NN),PMAT(NN,NBI),PVEC(NN),UMAT(NN,NBI) , UVEC(NN)

DIMENSION BFLOWE(4,4) , DFLOWE(4),B3TRANEC(L,4),DTRANE(L,4),VOLE(4)

DIMENSION F(4,4),d(4r4),DET(L) ,OFDXG(4,4) ,DFDYGC4,4),
DADXG(4,e),DWDYG(4,4)

DIMENSION SWG(&),RHOG(4),VISC3(4L),PORG(L),VXG(L) VYG(L),
RELKG(4) /RGXG(&) »R5YG(4LI,VIMAG(L) , THICKG(G)

DIMENSION RXXGCAI/ RXYS(4L),RYXG(L),RYYG(L)

DIMENSION 8XxXG(4)/,BXY3(4),BYX53(L),BYYG(&L),
EXG(4),EY5(4)

OIMENSION GXLOC(4),GYLOC(4)

DATA GLOC/J.57735226918962600/

DATA INTIM/Q/,15T0P/0/,G6XL0C/-1.D00,1.00,1.00,-1.00/,
GYLOC/=1.20,-1.D00,1.00,1.007/

CENTROID VELIJZITIES ON THIS CaLt
IVPRNT=0
IF(MIDCIT,NPRINT) . EQuIoAND ML NEL2.ANDLIT L NELD)
IF(IT.EQLT) IVPRNT=1

KVPRNT=IVPRNT#XVEL

IVPRNT=1

STEP, PREPARE SRAVITY VECTOR COMPONENTS,
oX3T AND 5ETA, FOR CONSISTENT vELOCITIES,
ANU CHECK ELEMENT 54aP:zS

IFCINTIM) 100,103,2033

127 INTIv=1

eeeasdLO0P THROUGH ALL

ELEMENTS TO OJBTAIN THE InNVERSE JACJBIAN
AT EACH OF T+ f0UR NOJES IN E4lH ELEMENT
20 1300 L=1,NE
J0 SJJ IL=1s4

XLJl=0oXLClCIL)

Y325 YLdCL(Iu)

P";O-... |
pZOOQQ-- . '.' i‘
p210.... '-”LA‘
P220.... . e
P230.... e
pz‘o..-.
sto.l.l
P260ca..
9270-000
P280.caee
P290c..e
P300cees
P310l..l
P}ZOIII.
p}}ol.l'
P340ecccs
P350c0as
p}éo...-
P370cawe
P380csen
p390l...
P400cesn
p“‘o...l
Pul20ceee
P~30....
PebDacae
PeSOeoace
Peb50uceen IO
Pe70eenn T
PeB80esnn ®
P490.... s
PS500eea. e
P510ccne RN
PS2C e -
P530¢a.. e
DS‘:J'... e
P55 0 ees
P565aans
PS570cenn
P58Jacaen
P59 cens
P0)Jeane
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SU3RIJTINE a 4 S U 2 3 SUTRA = vzRS5I0N 123e=20 01000uns .
G0T0 2003 0610cees o
0020ceae S
LANGMUIR 30R2TION MODEL 0630¢ees =
IFCADSMODLNEL LANSMUIR ‘) 3070 2290 0640cces o
D3 1300 I=1,NN 0650ccee L
N00=1.00¢CHI*RH0WI*UCI) 266044 o
C31(I)=(CHIT«RA0WI)/ (D0*CD) 0070cees -
£52(1)=0.00 0080ceee A
£53¢I1)=0.27 0690cees :
SLCIN=CS1(D) 0770ececa B
SRCIV=CST(I)*CAI2*RHIWI*U(I) *J(I) 07106ceces .
TONTINUE 0720c¢.es -
0730eceas

RETURN 0740ceae -
END 075000 1
A
o
1
(
{
I

3954
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ORI

P 1
.

’:.' - 308RJuTiNz: Y b 9] A L 5 SUTRA = VZR3ION 123420 T10..eee

IF(ML=1) 2335,13C0,23) T610¢aus A
- T620cees
T eeeeacALCJLATE CELLWISE TERMS FOR J-tcQUATION T630cacs
230 2PRS=(1.DC-PIORCI))*R4DS T0640aeaae
ATRN=(1=I5STRAY «(POR(I) #SWRADN®CW+*EPRS*CST(I))«vOL(I)/DELTU T650casce
STRN=POR(I) «5wRHON*PRIDFIAVIL(I) T660c0ee .
S5V=CSPRS*#PRODFTAVIL(I) T6700aen -—
S3LTRN=GSV*5L(I) T680ece. - A
335%TRAN=GSV«S52(I) T690aaas -
STRN=(PCR(T) *SWRHIN®PRODFI+EPRS*PRNODSII=VOL(I) T700cee.
CeeaeelALCJLATE SOJRCES OF SOLUTE OR ENERGY CONTAINZO IN T710ceae
C SUUJRZES OF FLJID (2ERD CONTRIBUTION FOR QJTFLOWING FLUID) T720ceee
2uR=2.7200 T730ccaa
JJL=2.000 T7460ccee -
IFCQINCI)) 350,360,340 T750ccea 1
340 JuL=-CweJINC(CI) T760ccee
JUR==JUL*UINCI) T770ceee
CeeeaalDD CELLWISE TERMS, SOURCES 07 SOLUTE OR ENERGY IN FLUID INFLOWS, T78Q....
z AND PURE SQOURCZS OR FLUXES OF SOLUTE JR ENERGY TO U~EQUATION T790cces
{ 353 IF(NJUMAT) 370,372,383 T8004c.e
370 UMATCI,NBHALF) = UMAT(I,NBHALF) + ATRN = GTRN = GSLTRN - QUL 7T810caee *‘
| 350 JVECC(I) = UVEZ(I) + ATRN*JM1(I) + ETRN + GSRTRN + QUR + QUINC(I) T820ccse _—
c T830cene
C Taso....
- RETURN T850casce
END TS?OI‘I.
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¢ SUBROUTINE 8 . B SUTRA = VERSION 12B4=2D U1D..... .-
S
c SUBRIOUTINE 8 - B SUTRA = VERSION 1284-2C U1Juiesn. ) '_.j
: U2Deeans
C #ax« PJYRPISE U3Jeeeee
C wx« TO IMPLEMENT SPECIFIED PRESSJRE AND SPECIFIED TEMPERATURE OR UbDuuvune
C «~« CONZENTRATION CONDITIONS BY MODIFYING THE GLOBAL FLOwW AND USDeveao
C nne TRANSPQORT MATRIX EQUATIONS. UbDeeeos
c U770 oo )
SUSRIUTINE BCB(ML,PMAT,PVEC,UMAT,UVEC,IPSC,PBC,IUBC,JBC,QPLITR) UBJeuweno
IMPLICIT OOU3BLE PRECISION (A=A,0-2) U9Deenns R
ZOMMON/DIMS/ NN,NE,NIN,NBI,N3,NBHALF/,NPINCH,NPBC,NUBCL, U130...e ,
1 NSOP,NSOU,NSCN Ul10eee. '
COMMON/TIME/ DELT,TSEC,TMIN,THOUR,TDAY,TWEEK, TMONTH, TYEAR, U120....
1 THAX,DELTP,IELTU,DOLTPMI,CLTUMY,IT,ITMAX U13G0.cee
COMMON/PARAMS/ COMPFL,COMPMA,DRWDU,CW,CS/RH0S,DECAY,SIGMAW,SISMAS, U400 -
1 R4JIW0,JRHOWO,VISCO,PRODF1,PRODST1,PRODFO,PRODSO,CHIT,CHIZ U150cees
CUMMON/CONTRL/ GNJ,uUP,DTMULT,OTMAX,ME,ISSFLO,ISSTRALITCYC, U160ess.
1 N CYC,NUCYC,NPRINT,IREAD,ISTORE,NOUMAT,IUNSAT U170eeen
DIMENSION PMAT(NN,NBI),PVEC(NN),UMAT(NN,NBI),UVEC(NN), U180.ceas
1 IP3C(NBCN),PBL(NBIN) ,IJUBCINBCN),USCINBCN) ,QPLITR(NBCN) U190....
c U230.eee
c U210cese -
IF(NP3C.EY.0) GOTD 1050 U220ees. -
CeeeadSPECIFIED P 30UNDARY ZONDITIONS U230eeas
50 12330 1P=1,NPBC U240ceen
I=IABSCIPBC(IP)) U250ees-
c U260....
IF(ML=1) 100,100,200 U270 ceee
CaeseaMODIFY EQUATION FOR P BY ADDING FLUID SOURCE AT SPECIFIED U280.aas
C PRESSURE NOODE U290.ee. R
100 GINL=-GNU U300.... R
GINR=GNU#*PBC (IP) U310eeas RN
PMAT(I,NBHALF)=PMAT(I,NBHALF)~GINL U320.e.. e
PVEC(I)=PVEC(I)+GINR U330.... e
d U360cees R
IF(ML=-1) 200,1000,200 U350ecee .. @
) CeeeaaMODIFY EQUATION FOR U BY ADDING U SOQURCE WHEN FLUID FLOWS IN U360.sasn R
g c AT SPECIFIED PRESSIRE NODE U370.... R
(- 220 GuR=2.000 U380cess I
& GuL=3.000 U39Q0..a.s
{ IF(QPLITR(IP)) 362,363,340 U400aaan S
{ 360 5JL=-CW#QPLITRCIP) U410..a.. e
- SUR=-5UL*JsC(IP) Ut2deve. Ty
¢ 360 IF(NIUMAT) 372,372,380 U630eann RO
- 370 UMATCI NBAALE) =gMAT (T, NBHALF)-GUL UebGaann ERREN
g 382 JVEC(I)=UVEC(I)+5UR U450ae.. R
e 1933 CIONTINUE UdbDenn. -
v C Ue7Dennn R
c CeB8Ca e
! 1350 IF(ML=1) 1132,30723,1130 Ue9Tet ae
d CoveeaSPECIFIED U 3JUNDJARY JONDITIONS USJGesee
[ < MOIJIFY U S..ATION AT SPECIFICD U NODE TO READ: U = UBC US1Jeass
¢ 1100 IFINJ3C.EGLS) 50TD 373D US20eeas
- D0 2230 Iu=1,Nusc US530eans
IuP=[ +NPHC US4Qaann
I=1435CIU52CIuP)) U550eeas
IF(NDUMAT) 1232.120.,223°0 US50esse
s 257 20 1530 Js=1.N3 U570 caas T
5 JO JMATC(I,08)=L.000 US3T.eees ERIU
) UMAT (I, NRHALE) 21,000 US9Jeunn e
| 2232 JvELlId=Ust(lyP) UE2Jeeas <
)
-
| "
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3327 TONTINUE U620 ceae
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S SUBRIUTINE P I N C H 8 SUTRA = VERSION 1286=20 V10e.ssa.
<
l\.
b..
. o SJUBRIOUTINE P I N C H 38 SUTRA = VERSION 1284=-2D0 V1D..a..
] c V20eaon.
.- C «x« PURPISE V3Deaaoo
C #axx TO IMPLEMENT PINCZH NJIDE CONDITIONS 3Y MODIFYING THE VeDaaase
C a«xx  GLOSAL FLOW AND TRANSPORT MATRIX EQUATIONS. V50aeeaas
C V60 eeasns
SUBRIUTINE PINCHB(ML,IPINCH,PYAT,PVEC,UMAT,UVEC) ' 40
- IMPLICIT OOuBLE PRECISION (A-d,0-2) VBDeeoon
COMMON/DIMS/ NN, NE,NIN,NBI,NB,NBHALF,NPINCH,NPBC,NUBC, V9Deaasae
;. 1 NSOPINSOUINBCN V1OG-..-
-, COMMON/CONTRL/ GNJ,UP,DTMULT,OTMAX,ME,ISSFLO,ISSTRA,ITCYC, Vi1Jesae
: 1 NPCYC,NUCYC,NPRINT,IREAD,ISTORE,NOUMAT,IUNSAT V120ee..
, DIMENSION IPINCH(NPINIZH,3),PMAT(NN,NBI),PVEC(NN), V130eeee
1 1 UMAT(NN,NSI),UVEC(NN) v1i40....
F C V150e.ae
C.oeee«NPIN IS ACTUAL NUMBER OF PINCH NODES IN MESH V160.aae
! NPIN=NPINCH=1 V170ceee
b 00 1300 IPIN=1,NPIN V180..--
S CaeeaeSET NUMBERS OF PINCH NODE AND NEIGHBOR NODES V190..eee
{ I=SIPINCH(IPIN,1) V200aeaee
ICORT=IPINCH(IPIN,2) V210eaenw
[c ICOR2=IPINCH(IPIN,3) V220....
JCT1=TCORT-1I+¢NBHALF V23Q0eeow
JC2=ICOR2~-I+NSHALF V260...
} C V25Jccce
; IF(ML=1) 50,503,252 V260....
3 CeeeeaecADJUST P EQUATION FOR PINCH NODE CONDITIONS V270.aaes
i] SO0 00 100 JB=1,N3 V280ecee
100 pHAT(IIJB)‘:O-ODO V290...-
- PVEC(I)=0.000 V320....
b:_ pMAT(I’NBHALF)=1.JODO v310.---
- PHAT(IIJC1)=-OOSODO V320--0-
" pMAT(I'JC2)=-OUSODO V330-...
IF(ML-1) 250,1000,252 V360..ee
CeeoosADJUST U EQUATION FOR PINZH NIODE CONDITIINS V350cace
> 250 IFC(NOUMAT) 300,323,503 V360aeaae
s 302 DO 4«00 JB=1,NB V370eeee
L £4J) UMAT(I,uB8)=0.000 V38Q0.aee
f JMAT(I,N8HALF)=1.20000 V39C0.eaes
€ JMAT(I,JC1)=-0.5000 V4e0Dieaae
s UMAT(I,JC2)=-20.5000 Ve10aeee
& 500 UVEC(I)=0.000 Ve2C....
¥ o Ve30....
- 12330 CONTINUE Vabdaane
tA C VeS5Jeeoe
- C Veblaiaen
! RETURIN Ve?0eeee
3 END Ve80.v.e
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Su3RIITINE S J L v = 3
SUBRIUTINC S 3 L v E 8
PJRPISE :

TO SOLVE THE MATRIX EQUATION 3Y:
(1) DECJIMPISING THE MATRIX
(¢) MODIFYING THE RIGHT-HAND SIJE
(3) BACK-SJU3STITUTING FOR THE SOLUTION

SUBRIJUTINE SIOLVES(KKK,C,R/NNP,IHALFB,MAXNP,MAXBW)
IMPLICIT O0uS3LE PRECISION (A-4,0-2)

DIMENSION C(MAXNP,MAX3W),R(MAXNP)

I43P=IHALF3+1

JcCQOMPOSE MATRIX Z 3Y BANJED GAUSSIAN ELIMINATION FOR
NIN=SYMMETRIC MATRIX

IF(KXK=1) 5,5,50

NUSNNP-IHALF3

DO 20 NI=1,NU

PIVOTI=1.00/C(NI,IHBP)

NJ=NI+1

I13=148P

NK=NI+IMALFB

D0 10 NL=NJ,NK

13=13-1
==C(NL,IB)*2IVOTI]

C(NL,IB)=A

Jag=I3+1

XKB=[3+IHALFB

LB=143P~-13

0010 MB=JBd,KB

NB=L3+MB

CINL,MB)=C(NL,MB)+A=®C(NI,NB)

CONTINUE

NR=NJ#*+1

NUSNNP=-1

NK=NNP

D0 @) NI=NR,NU

PIVOTI=1.00/(C(NI,IHBP))

NJ=NI+1

I13=148°

20 30 NL=NJ,NK

I3=13-1

A=-C(NL,IB)*PIVOTI

C(NL,IB)=A

Ja=13+1

KB=I3+IHALFB

L8=143P-18

J0 3) MB=4%8,%3

N>=L3+MB

C(NL,MB)=C(NL,MB)*+A=C (NI ,NB)

CONTINUE

IF(KEXR=1) S50,«&,50

RETURN

JPDATE RIGHT~-HAND SIDE VEZTOR, R
NJINNP 4+

I0AND=2+IHALFA*+]

20 7] NI=2,1H3P

Io=[H3P=N]+1

NJ=1

ARl Sl e il G il St S i il el TeATTTYITET Y

SUTRA = VERSIOW 12300 Wlleeeeas

o
SUTKA ~ VERSION 1284-2D0 W1Jeeoes F’.i
W20 eeees

W3Deweoa o
(L R7%0 [ - 4
W5Jcacee
W6Daause
A7deeene
W80a.cewo
W90.ousooe
W100....
W110aeoe
W120eaes
W130....
Wit0.ewo
W150caee
W160eeee
H’?o-..l
W18Q0cces
W190.e.e®
W200.cew
W210..en
HZZO..I.
HZSOOQII
W240.4en
HZSO.C..
W260..cae
HZ?O..‘.
W28Q.aws
W290aeee
W300.eee
H310.Q..
Hszo....
H}So..'.
Hs‘o..l.
HSSO..I.
u}bo."'
H}?O..QI
W380eaee
HS?O....
H‘OOI...
w“o.‘..
W620ceee
N630.... 4‘_' .
H“Q-.-. :‘;
“‘So...l i
u“bo..l. ‘._

We70eaee T
W480.cen L)
W690eaaa =
HSOO-. e __‘
HS‘O..-- S ‘-:
HSZO..-- S
HS 30-.0. ‘..".'j
HS‘O--.. .’

NSSO..-. - -
HSéo..-- 1
“S?O...Q S -
H530.... T
W590asea o
“600....
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SUBRODUTINE S J L v

SuM=13.9200

00 6J JB=IB,IHALFS
SIM=SUM+C(NI,J8)«(NJ)
NJ=NJ*1
R(NI)=R(NI)+SuM

I18=1

NL=I48P*+1

DO 90 NI=NL/NNP
NJ=NI-IHBP+]

SuUM=3.00

DO 8) uB=I8,INALF3
SUM=SJUM¢C (NI, JB)*R(NJ)
NJ=NJ#
RINI)=R(NI)*+SUM

BACK SOLVE
RENNP)=R(NNP)/C(NNP,I48P)

DV 110 18=2,1IHBP

NI=NU-1I8

NJ=NI

MB=I4ALFB*I8

SuM=J.00

DO 130 JB=NL,MB

NJ=NJ+1T
SUM=SUM+C(NI,JB)*R(NJ)
RINII=(R(NI)-SUM)/C(NI,IHBP)
MB=I3AND

DO 130 IB=NL,NNP

NI=NJ-1IB

NJ=NI

SuM=).00

DO 120 JB=NL,M3

NJ=NJ+1T
SUM=SUM+C (NI, J3) «R(NJ)
RINII=(R(NII-SUM)/C(NI,IHBP)

RETURN
END

SUTRA

VERSION 1284-20 W10..... B
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W6l2Jeewe
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WOLUeuoa
W65040.as
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W670eeeo
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W690eoae.
W700cee
W710eeue
W720cees
W730c¢ees
W740....
H?SO- LR BN 3
W760.ea.
u??o.. LN
W780eees
W790eee.
W800....
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W820c¢eas
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. S5u3RJ4T NG 3 J J 3 z T SuTxd = veRslun 1234-éD

SJSRIUTINE 3 J 0 v € 71 SUTRA = VERSION 1284-2D
wwx PYRPISE :

«x%  TO ZALCULATE AND OUTPUT
*ww  ENER3Y 3yDGETS.

LU MASS AND SJOLUTE MASS OR

NSNS NSNS Ne]

SUBRIJUTINE 8JI53ZT(ML,I3CT,VOL,SW/DOSWOP,RHI,SOP,QIN,PVCC,RMT,
1 P3C,aPLITR,IP3Z,1I50P,POR,UVEC,UMT, UM2,UIN,QUIN,IJSOU,USBC,
2 CS1,C52,C53,5L,5R)

IMPLICIT J0uL3LE PRECISION (a=-4,0-2)

CHARACTER=1(0Q AJSMDD

CIOMMON/MODSOR/ ADSMOO

CIMMION/DIMS/ NN/NESNIN,NBI/NB,NBHALF,NPINCH,NPBC,NUBC,

1 NSJIP,NSJU,N3CN

ZOMMON/TIME/ JDELT,TSEC,TMIN,THOUR,TOAY, TWEEK,TMONTH,TYEAR,
1 TMAX,DZLTP,OELTUL,OLTPMI,OLTUMTI,IT,ITMAX

COMMIN/PARAMSY/ COMPFL,COMPMA,DRWDJ,CW,CS,RHOS,DECAY,SIGMAW,SIGMAS,
1 R40WI,URHOWI,VISCO,PROIFT1,PRODST1,2RODF0Q,PRIDSD,CHIT,CHIZ

COMMOIN/CONTRL/ GNU,UP,DTMULT,DTMAX,ME,ISSFLO,ISSTRA,ITCYC.,

1 NPCYC,NUCYC/NPRIINT,IREAD,ISTORE,ANDUMAT,IUNSAT

CHARACTER®~13 UNAME(2)

DIMENSION QINCNN) LUINCNN),IQSIP(NSOP),QUINC(NN),IQSOUCNSQU)

DIMENSION IPBCUNBIN),JBCUNBCN),QPLITR(NBCN),PBC(NBCN)

JDIMENSION POR(NN) ,VOL(NN),PVEZ(NN),UVEC(NN) ,SW(NN),DSWOP(NN),
1 RAJ(NN) »SIPINN) ,PMTINN) PUMTONN) L UM2(NN) »

2 CSTUNN) ,CS2UINN) ,CS3INN)/SLUNN) »SRINN)

JATA UNAMEC1)/°CONCENTRATION /,UNAME(2)/" TEMPERATURE °/

(@]

MN=2
IFCIUNSAT.NE.D) IuNSAT=]
IF(ME.EQ.-1) MN=1
WRITE(6,10)

10 FORMAT(1H1)

CeeeaeSET UNSATURATED FLOW PARAMETERS,

IF(IUNSAT=1) 43,22,40

23 20 3) I=1,NN
IF(PVEC(I)) 25,27,27

25 CALL UNSAT(SWA(I),OSWDP(I),RELX,PVEC(I))
5070 30

27 S#(I1)=1,000
J5WIP(I)=0.000

30 CONTINUE

SW(I) AND DOSWDP(I)

O

ceessCALCULATE COMPINENTS OJF FLUID MASS BUDGET
©d TF(M_=1) 50,50,1920
>0 CINTINUE
STPTI7=0.00
STUTIT=0.00
QINTIT=0.00
20 133 I=1,NN
STPTIT=3TPTOT#(1-ISSFL0/2)*RHI(L) «VOL(I) #
1 (SW(I)*SOP(I)*POR(I)*DSWOP(I))#(PVECCI)=PMIC(I))/DELTP
STUTOT=STUTOT#(1-ISSFLO/2)#PORCI)aSW () *JDRWOU*VOL(I)*
1 (JMICI)=uM2CI))/OLTUMT
JINTIT=QINTOT+IINCT)
133 CONTINUE

QPLT:H':Q.DQ
D0 233 1P=1,NP3C

374

RN
‘--chg

WP PN S T WP PP PR

S Al Tl N A R A e A S MG AL A AN AR I

AlJeeees

X1Jeeaeo
X2Jeeeeos
X3Deoaee
x“a...l.
X50acees
X6Daeauo
X7)eeaoe
X8Daeesa
X?Ol....
X1JO‘I‘.
X110eese
X120ceee
X130...-
x"o-.ll
x150‘...
X160cese
x170...-
x“so...-
X190.. <o
X200eaee
X210ee0e
X220 eaas
X230¢.ew
xz‘o....
XZSO.QIO :'
Kzéo..'. .
X270ecaae
XZSOOOCQ
XZQO----
x3000|..
X3100aee
x}zo....
X330ceee
x}‘o.t"
X350ceee
X360ccce
X370ecee
X38Qcess
X390eaue
x‘oo.... o
X410-.-- .
“20....
X430eaee
XB‘O..--
X450¢cse
x‘éo“-.
x“7000l.
X48Jcase
X690eees
X500cces
x510.li.
X520¢ces
xS}O.-..
X560ccee
X55Qcae-
x56000-c .
x570..-. ';_‘.
‘580-... :-'-
x59°¢.|. .
X600.... ..--"
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Coaeans

300
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I 4
5
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¢
325
350
y 1
450
530
C
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550
o,
. 700
T
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‘ 330
1039
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SUBRIUTINE 8 U 0 6 E T SUTRA ~ V! RSION 1284-20

I=I1485(IPBC(IP))
QPLITR(IP)=GNU~(PIC(IP)=-PVEC(I))
QPLTOT=QPLTOT+2PLITR(IP)
CONTINUE

OUTPUT FLUID MASS BUDSET
WRITE(6,300) IT,STPTOT,STUTOT,UNAME(MN),QINTOT,QPLTOT
FORMAT(//11Xx,°F L U I D M A S S 8 UDGET AFTER TIME®,
* STEP *,15,°, IN (MASS/SECOND)“//7/11X,1PD15.7,5%,
“RATE OF CHANGE IN TOTAL STOREU FLUID JUE TO PRESSURE CHANGE® .,
‘s INCREASE(*+)/ODECREASE(=) ,/11X,1PD15.7,5%,
‘RATE OF ZHANGE IN TOTAL STORED FLUID DUE TO “,413,° CHANGE’,
“, INCREASE(+)/DECLREASE(=)"’,
/11X, 1PD15.7,5%,°70TAaL OF FLUID SOURCES AND SINXKS, °,
SNET INFLOW(+)/NET OUTFLOW(=)"/11Xx,1PD15.7,5X,
“TOTAL OF FLUID FLOWS AT PJINTS OF SPECIFIED PRESSURE, °/,
NET INFLOWC+)/NET QUTFLOW(=)")

IFCIB3CT.EQ.4) GOTI 633

NSOPI=NSOP-1

INEGIT=Q

J0 530 1QP=1,NSOPI

I=IQS0P(IQP)

IFCI) 325,500,500

INEGIT=INEGCT*1

IFCINEGCT.EQ.1) WRITE(6,350)

FORMAT(///22X, " TIME~DEPENDENT FLUID SOURCES OR SINKS /722X,
° NODE“/,5X, INFLOW(*+)/OUTFLOW(=) /37X,° (MASS/SECOND)*//)

WRITE(6,450) ~I,QINC-1)

FORMAT(22x,15,10X,1PD15.7)

CONTINUE

IF(NPBC.EQ.O) GOTD 801
WRITE(6,650)

x10.....

X61J0eeow
X62Je oo
X630c¢esn
X06Jaeeoo
X6050eeea
X660caca
X070 ceee
szo....
X690 eene
X700 case
X710aaee
X720 e oo
X730ceee
X743 eees
X?SO-..-
x760....
X?770cees
X780case
X?790cena
X800ceaae
X810ca..
X820...I
X830ceea
X840case
XSSO-.-.
xaéol..l
X870 eece
X380¢ecsn
X890ceas
X900ceaew
X910.eee
x920....
X930easee
x9‘otl‘.

FORMAT(///722X,°FLJID SOURCES OR SINKS DUE TO SPECIFIED PRESSURES ,X950....
/7122Xs° NIDE“/5X,"INFLOWCH*)/OUTFLOW(=) /37X,* (MASS/SECOND) /)X960ucaec.

DO 730 IP=1,NPBC
I=TA3SCIPBC(IP))
WRITE(6,450) I,QPLITR(IP)
CONTINUE

CALCJLATE COMPONENTS JF ENERGY OR SOLUTE MASS BUDGET
IF(ML=1) 100J,645023,1230
CONTINUE
FLOTIT=0.00
SLOTIT=3J.22
P1IFTOT=G.00
21STI2T=0.00
PJFTIT=0.00
PJSTIT=0,20
3~UTJT=O.33
FIUTIT=0.00
SET A3SORPTIIN PARAMETERS
IF(ME SQe=1.,8ND.A0SMDD,NEL "NONE

CALL A050%3(CS1,052,253,5L,SR,UVEL)
00 1330 I=1,NN
ESRV=POR(IVI«SWCI)*RMI(I)evOL(I)
EPRSV=(1.00=-P0(1))*R405*vIL (D)
OuUdT=(1-155T28)e(uvel(I)=0oMIC(II)/ 08Ty
ELOTIT=FLITUT*ESRVe{waDUST

375

x970.l..
x980.l.l
X990eease
X1000...
X1010e0s
X1020eas
X1930...
X1040...
X1050...
x1360..l
X1070...
x1080...
X1990...
x1100...
X1110...
X1120...
X11304ee
X11‘00--.
X1150...
X1160...
X1170..
X1180...
X1190...
X12304 4
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- $3RIUTINE 3 4 2 o =7 SUTRA = VzRSION 1236-23 x1J.e...
SLOTIT=SLOTOT*EPSVACST1(T)*#0UDT X1210...
PIETIT=PIFTQT+S3RV*PRIDF1 X1220...
PISTIT=PISTUT+EPRSV*PROIST« (SLCI)WUVECCI)+#SR(IY) Xx1230...
PLFTIT=POFTQOT+ESRV*PRIDFO X1240... S
PISTIT=PISTGT+EPRSV*PRODS) X1250... AR
FIUTIT=420TOT+UINCD) X1260... o
IFCIINCI)) 1237,1205,1250 X1270... .- 1
1200 QIUTOT=JIUTQOT+QINCI)*ZWeUvEC(L) X1280... ,__‘_,.i
5070 1330 X1290... -
1250 2LUTOT=QIOTOT+IINCI) «2waUINCD) X1300... .- -
1303 CONTINUE X1310... SN
C X1320--. ."" ‘1
JPUTOT=0.00 x1330... <
33 1500 IP=1,NPBC X1340... —d
IECIPLITR(C?)) 1630,1400,145) X1350... _jq
1639 I=1a3S{IPBC(IP)) X1360...
JPUTIT=QPYTOT+APLITR(IP) *CWaUVEC(]) x1370...
5070 1500 %1380 j
1450 2PUTIT=3PUTOT+#IPLITR(IPI*CWnJI3CC(IP) X1390,..
1500 CONTINUE X1600... ]
: X1410... —
IF(MZ) 1550,1550,1615 X1420... of
¢ X1430... i
CeaeesDUTPUT SOLUTE MASS BUJGET X1640...
1550 WRITEZ(6,1600) IT,FLDTIT,SLOTOT,PIFTOT,PISTOT,POFTOT,POSTOT, X1450... 1
1 JIUTOT,QPUTOT,QuUTIT X1660...
1500 FORMAT(//11Xx,°S O L U T E BUDGET AFTER TIME STEP °,IS5,%X1470... U
1 ‘Y, IN (SOLUTS MASS/SECOND)*///11X,1PD15.7,5X, NET RATE OF °, X1480... e
2 “INCREASEC(*)/DECREASE(-) OF SOLUTE*/11X,1PD15.7,5X, X1690... L]
3 NET RATE OF INCREASE(+)/DECREASE(-) OF ADSORBATE /11X,1PD15.7,%x1500... ]
. 5X, NET FIRST-DROER PRODUCTION(+)/DECAY(-) OF SOLUTE* /11X, X1510... ]
5 1P015.7,5%X,“NET FIRST-ORDER PRODUCTION(+)/DECAY(-) OF ., X1520... T
6 *ADSORBATE“/11X,1F115.7,5X,"NET ZERO-ORDER PRODQUCTION(*)/", X1530... D
7 *JECAY(-) OF SOLUTE“/11X,12D15.7,5X,“NET ZERO-ORCER *» X1540... HERY
3 “OROOUCTIINC(+)/0ECAY(~) OF AOSORBATE*/11%X,1PD15.7,5X, X1550... e
9 NET GAIN(#)/LIS5(=) OF SOLUTE THROUGHM FLUID SOURCES AND SINKS“X1560... NN
* /11X, 1PD15.7,5%,°NET GAINC#)/LOSSC(=) DF SOLUTE THROUGH °, X1570... T
1 “INFLOWS DR OUTFLOW4S AT POINTS OF SPECIFIED PRESSURE® X1580...
2 F11X,1PD15.7,5%X,°NET GAINC#)/L0SS(=) IF SOLUTE THROUGH °, X1590...
3 “SOLUTE SOURCES AND SINKS®) X1600... ]
50T0 1645 X161040. :
z X1620... .-:7"
TeeeesIJTPUT ENERGY BUDSET X1630... Lt
1515 WRITE(%5,1535) IT,FLDTIT,SLOTOT,POFTOT,POSTOT,AIUTOT,2PUTOT,QUTOT X1640... R
1535 "E0RMAT(//17X+,°E N E R G Y 3UDGET AFTER TIME STEP *,I5,%1650... R
1 ‘., IN (ENERGY/SEZOND)“/7/711%X,1PJ15.7,5%X,°NET RATE QF °, X1660... R
2 “INCREASE(*)/DECREASE(~) OF ENERGY IN FLUID*/11X,1PD15.7,5X, X1670... e )
3 “NET RATE OF INCREASE(*)/DIECREASE(-) OF ENERGY IN SOLID GRAINSX1680... Y
. /11%X,12015.7,5%,°NET 12RO=ODRDER PRODUZTION(*)/LOSS5(=) OF ~, X1590,... T
5 TENERGY IN FLUID /11x,1P2315.7,5%X,"NET IERO-ORDER *, X1700... )
6 ‘EROGUCTION(#)/LOSS(=) OF ENERGY IN SJLIO SRAINS’ X1710...
7 /13X, 1PD15.7,54,"NzT GAINC#)/LOSSC(=) DF ENZRGY THROUGH FLUID °,X1720...
5 SIURCES AND SINKS /11>,1P015.7,5%,"NET GAINC#)/LIS3S(=) OF “, x1730...
9 “ENERGY THROUSY INSLOWS OR OUTFLOWS AT POINTS OF SPECIFIZD *, X1740... -
. *PREFSURE /11X, 1PI15,7,54,"NET GAIN(+)/LOSS(=) OF ENERGY *., X17504 ..
1 ‘THRQUGAH INERGY 3JJRCES AND SINKS?) X17604ee
z X1770. .0
1545 N30PI=NSOP-1 X1780...
IF(NSJPI.EQ.D) 30T0 230C X1790...
IF(ME) 16849,1649,1659 X1800...
376
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1549 WRITZ(6,15650) X1810... .- O
1550 FORMAT(///22%X,°SOLUTE SOQOURCES OR SINKS AT FLUID SOURCES AND ., X1820... .
1 “SINKS //22X,° NODE*,B8X, SOURCE(*)/SINK(=)"732X, X1830... e
2 *(SOLUTE MASS/SECIND)Y /) X1843... ]
GOTO 1680 Xx1850... )
1459 WRITE(6,1060) X1860... 1
1660 FORMAT(///22X, ENZRGY SOURCES OR SINKS AT FLUID SOURCES AND ., X1870... - '.ﬁ
1 TSINKS //722%X,° NODE"/,B8X,°"SOURCEC+)/SINK(=)*/37Y, X1380... ’
2 *(ENERGY/SEZONDI) /) Xx1890... :
14630 20 1900 13P=1,NSOPI X1900... -
I=1A3SCIQSOPCIIP)) x1910... -
IFCLINCI)) 1732,1700,1750 x1920... -
1730 QuU=SINCI)«Ca*UVEZ(I) Xx1930... ';
GO0TO 1800 X1940...
1750 Qu=QINCI)*CwaJINC(I) Xx1950... "
1830 WRITE(6,450) I,V X1960... .
1930 CONTINUE X1970... )
c X1980... ‘
2000 IF(NP3C.EZ.O) GOTD 4S2J0 Xx1990... .
IF(ME) 2090,2393,2150 x2900... -
2090 WRITE(6,2100) x2310... .
2130 FORMAT(///722%,°5$DLUTE SOURCES OR SINKS DJE TO FLUIO INFLOWS OR *, X2020... 1
1 “JUTFLOWS AT PJOINTS OF SPECIFIED PRESSURE'//22X,° NCDE’,38X, Xx2330...
2 “SOURCE(+)/SINK(=)"/32X,° (SOLUTE MASS/SECOND) /) x2060... )
5310 2190 x2350... ]
2150 WRITE(6,2160) x2060... o
2160 FORMAT(///22X, ENZRGY SOURCES OR SINKS DUE TO FLUID INFLOWS OR °, X2070... -
1 CIUTFLUWS AT POINTS OF SPECIFIED PRESSURE®//22X%,° NODE’,8X, Xx2380... ;_,1
2 “SOURCE(*)/SINK(=)"/37X%,°(ENERGY/SECOND) /) x2090... e
2190 D0 2400 IP=1,NPBC x2100... e
I=1435¢IPBC(IP)) Xx2110... S
IF(IPLITR(IP)) 2230,2200,225)2 x2120... B
2200 QPU=2PLITR(IP)I«CWoUVEC(I) X2130... 1
GOTO 2330 Xx2140... .
2250 QPU=QPLITR(I®)*«{WaUBC(IP) X2150... - E
2300 WRITE(6,452) I,QPy x2160... T
2400 CONTINUE x2170... R
o X2180... AR
IFCI3CT.EQ.4) 50TD 4530 x2190... RN,
NS3QUI=NSOuU-1 X2230. . o
INEGIT=0 x2210... . @
20 3500 14J=1,N50ul Xx2220... o
[=14S0U(IgU) X223C... P
IF(I) 3420,3532,3590 X2260... o
3400 INELIT=INESCT#Y X2250. .. L
IF(M3) 3652,3450,340) x2260... R
3450 IFCINEGCT.E0a1) WRITE(S,3455) x2270... —e el
3655 SURMAT(///722%, "TUAE=J3:PZNJENT SGLUTE SOURCES AND SINKS //22x, X2283... _,_!1
1 C ONOIE T 1K, 5AT o) /LS =) /500, (S0LUTE MASS/SECINS)*7/) X2290... C ]
30Td 5675 X2300ee R
3653 IFCINZGLTLS0a1) ARITI(4,3465) X231%... o)
3493 SORMAT(///22%, " TIME=D 20360 T S1SX5Y 320RCE5 AL SINKS //22x, x2320... ;s@
1 NI UE IR, AT ALOSS(=) /35, (ENERLY/SECOND)Y1/) x2332... f-:l
36475 CONTINUL X236 a¢us "
wQITE(bI}*QU) 'II.U:'A('Z) X2350... - -—.]
490 FURUMAT(E24,15,154,17215,7) X2360... e
537 CunTiuus X2373... e
. X2383eas S
: X239). .. RO
wSC2 TUnT e X24C0% e A
877 _ e
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X2610... . -®
RETUN X262%00. o0 ]
ZND X263D...




c SUBRIJUTINE S T 0 R E SUTRA ~ VERSION 1284720 Y1l4eeww

o SUBRIUTINE S T 0 R E SUTRA = VERSICON 128¢-20 Y10.een..
- Y20eeune
C ##+ PURPISE : Y3)eeune
C #=x+ TO STORE RESJLTS THAT MAY LATER 35 J5E0 TO RE-START Yol euson
C exs THE SIMULATION. Y5  euunn
C YO0 eeoon
SJUBROUTINE STORE(PVEC,UVEC,PM1,UM1,CS1,RCIT,Sw,P3C) L e T
IMPLICIT J9U3LE PRECISION (A-4,0-2) ¥Y3J.e.n.
COMMON/DIMS/ NN/NZ/NIN/NBI NB,NBHALF,NPINCH,NPBC,NUBL ., Y9 eeoeoo
1 NSOP,NSDuUsNBCN ¥13J....
ZOMMON/TIMZ/ DELT,TSEC,TMIN,TH40UR,TDAY,TWEEK,TMCNTH,TYEAR, Y113....
1 TMAX,0ELTA,0ELTU,DOLTPMI,OLTUMT, IT,ITMAX Y120 euen
DIMENSION PVECINN)»UVECINN) ,PMTONN) L UMTONND C3TONN) L RCITONN)D # Y130.ue.n
1 SAINN) ,PBZ(NBCN) Y14l ..ae
c Y150c0..
CueveeeREWIND UNIT=%0 FIR WRITIN> RESULTS OF CURRENT TIME STEP Y160..e.
REWIND(66) Y17Ueue.
c Y180....
CeaeeeSTORE TIME INFORMATION Y190..0..
WRITE(60,100) TSEZ,DELTP,IELTY ¥Y233.u.. E
100 FORMAT(4027.10) Y210..e. - T e
c ¥Y220.... : :
CeeeeaeSTORE SOLUTIOIN ¥230.e..
WRITE(60,110) (PVECCI),I=1,NN) Y24Teuen ]
WRITE(66,110) (UVEC(I),I=1,NN) Y2500 ]
WRITE(60,310) (PM1(1),I=1,NN) Y260.... R
WRITE(66,110) (UMI1CI),I=1,NN) Y270 cann -
WRITE(66,110) C(IS1CIV,I=1,NN) Y¥2304aaa e
WRITE(66,113) (RCIT(ID,I=1,NN) Y290..-. R
WRITE(60,110) (SW(I),I=1,NN) Y300eeae T
WRITE(66,113) (P3Z(IP),IP=1,N3CN) Y310eann -
1123 FORMAT(4(1PU23.13)) Y320ccee
c ¥Y330.... T
ENDFILEC(GO) Y3400aen ®
c ¥3500... :
RETU3N ¥360eaens g
END Y370 o
.9
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100.9194
109.5571
109.5571
118.7202
118.7202
125,4405
128.64405
133.7520
138.75290
169.0907
149.6907
161.2946
161.2946
173.6062
173.0042
180.6425
186.6625
230.5159
2¢00.5150
215.2099
215.2099
230.7986
230.7966
247.3354
¢b7.3354
264.8778
264.3778
283.4872
283.49872
305.2283
303.2283
3264.1701
32431701
340.35856
346.3856
349.9521
369.9521
394.9519
394.9519
419.1538
$19.1538
443.3557
4463.3557
467.5576
457.5576
©91.7595
©91.7595
515.9614
515.9614
540.15633
563.1633
58645652
S566.3652
583.53671
588.5671
612.7690
612.7690
536.9709
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1.09230
J3.00u0
1.03200
J.0%40
1.0020
0.3020
1.302390
3.0000
1.00390
0.0032
1.00G0
2.0930
1.0039
J. 0230
1.3200
J.3230
1.0330
9.303C
1.003¢C
J.0020
1.0220
0.0Ga0
1.0000
0.0030
1.2020
J.32J0
1.0720
J.02300
1.0230
¢.0030
1.00230
0.0330
1.0009
J2.0902C
1.9020
J.9330
1.0030
0.9900
1.0339
J.0J30
1.0000
J.003¢C
1.003C
J.0000
1.0000
0.000¢C
1.0300
2.3220
1.522C
0.003C
.2020
J.9039
1.022¢C
J.00350
1.0220
0.90330
1.0230
3.0332

. N T

634.095
683.367
588.3067
745,940
745.962
807,015
807.015
871.804
871.804
740.533
940.533
1013.463
1013,.443
1090.736
1090.73%
1172.834
1172.834
1259.872
1259.872
1352.203
1352.203
1450.149
16450.149
1554.052
1554.052
16664.275
1664.275
1781.201
1781.201
1955.238
1905.238
2036.319?
2036.819
2176.403
2176,433
2324 .476
2324 .,476
2431,554
2451,554
2633.619
2633.619
2785.68¢4
2735.634
2937,769
2937.749
3089.913%
3089.813
3241.878
3241.873
3393.943
3393.963
3544,008
3546.008
3693,073
5698.273
3850.138
3850.133
©002.233
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122 o036.¥709 1.3330 +002.203 1,000
1.3 061.1730 J43%4C  6156.209 1.3J0
156 061.1730 10330 +154.2069 1.050
1.5 035.3749 J.0030  4306.333 1,060
135 085.3749 1.0200 3064333 1.000
107 ?739.57e8 0.0029 «458.393 1.000
103 737.3708 1.0230 4453.39%8 1.200
109 733.7747 0.0030 «610.603 1.000
115 ?33.7787 1.0330 «610.463 1,200
111 757.9306 90233 +702.528 1.000
112 757.9806 1.023C 4702.528 1.200
113 73¢2.18¢5 0.0030 «914.593 1.000
114 782.1825 1.0030 4914.593 1.003
115 8l6.3344 0.09000 5066.653 1.339
116 2006.3844 1.0320 5006.659 1.200
117 833J.5803 3.0000 5218.723 14200
113 33).3863 1.0300 5218.723 1.000
: 119 d54.7882 0.0000 5370.78% 1.000
h 1¢3 354.7882 1.0000 5370.738 1.000
. 121 373.9901 J.00u0 5522.353 1,030
- 1¢2 878.9901 1.0030 5522.853 1.000
b 123 993.1922 U.0030 5674.918 1.300
. 126 905.1929 1.0033 35674.918 1.000
b 125 727.3940 2.2000 5826.9383 1.000
126 927.39%940 1.0030 5826.983 1.000
b 1¢7 951.5959 J.0030 5979.049 1.000
| 128 951.5957 1.0330 5979.349 1.030
| 129 975.7979 J.J0JC 5131.113 1.300
L 132 $975.7979 1.0030 5131.113 1.000
151 ¥99.9998 0.0020 62383.173 1.020
132 999.7398 1.0030 5283.173 1.230
SUSMENT 1.22-11 1.32-11 3.0 130.0 13.0 0.0 #1154 SCav
T 1.00€E+J0 1.00E+00 1.03€E+0QQ 1.0 1.00 1.000 #158
2 1.00e+¢2J 1.00E+00 1.00E+00 1.0 1.006 1.003 ELEMENT-
3 1.008¢33 1.00S+30 1.00€+00 1.0 1.30 1.000 WISE
6 1.00:+30 1.005+00 1.00E+00 1.0 1.00 1.000 DaTA
5 1.035+2] 1.00E+00 1.G3E+0Q 1.0 1.00 1.000
6 1.005+20 1.005+03 1.00£+00 1.0 1.00 1.000
7 1.C0E+2) 1.00E+Q00 1.00€+¢2) 1.9 1.00 1.000
3 1.05E+J)J 1.00E+G0 1,00€+00 1.0 1.00 1.000
9 1.00€+303 1.00E+0G5 1.00€+09 1.0 1.0 1.000
10 1.0JE+JJ 1.00E+Q00 1.0JE+0Q 1.0 1.00 1.000
11 1.00€+30 1.00E+00 1.00E+DQ 1.0 1.00 1.000
12 1.005+¢22 1.00€+20 1.00€+30 1.0 1.30 1.000
13 1.03€+030 1.00€+00 1.00£+00 1.0 1.00 1.000
Te 1.00E+J0 1.00E¢35 1.20€+00 1.0 1.00 1.000
15 1.CQOE*JJ 1.00E+00 1.00E¢+23 1.0 1.00 1.000
16 1.00€+¢2) 1.008«00 1.3JE+00 1.0 1.00 1.000
17 1.00£+¢20 1.00£+00 1.00E+0Q 1.0 1.00 1.000
18 1.002+20 1.208+00 1.00€+0¢8 1.0 1.00 1.000
19 1.00€E+J3 1.008¢00 1.00€+00 1.0 1.00 1.000
23 1.008+22 1.006+00 1.00€+00 1.0 1.00 1.000
21 1.006+00 1.00€E+00 1.00%+0y 1.0 1.00 1.000
22 1,00E+00 1.005+00 1.03E+Jy 1.0 1.00 1.000
23 1.00E¢23 1.00E+00 1.00€+00 1.0 1.00 1.000
2e  1.00E8+20 1.00E+QQ 1.00E+0Q 1.4 1.00 1.000Q
25 1.00E+J0 1.0GE+00 1.032+0Q 1.0 1.00 1.000
26 1.00E+20 1.005¢00 1,00€+20, 1.0 1.00 1.000
385
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27 1.338+3) 1.00E+00 1.23E+00 1.0 1.920 1,300

25 1.00%+33 1.0GE+03 1.00£+00 1.0 1.230 1.900

27 1.00€¢3J3 1.006£¢00 1.00%+30 1.9 1.J3¢ 1.J20

30 1.00€+2)0 1.002¢30 1.2JE+Qu 1.0 1.909 1.300

31 1.006+30 1.00E+0C 1.0Q5+¢0¢ 1.0 1.00 1.000

32 1.005+30 1.005¢03 1.0JE+20 1.0 1.3C 1.009

33 1.30€+02 1.00€+¢00 1.00E+30 1.0 1.02 1.0090

3¢ 1.00€E+¢20 1.035¢03 1.2JE+00 1.0 1.20 1.J00Q

35 1.C0€+20 1.00E+DJ 1.JC0E+00 1.0 1.0C 1.300

306 1.006+30 1.00E+20 1.00€+00 1.3 1.00 1.000

37 1.00E+)) 1.00E*D0 1.00€+0Q 1.0 1.030 1.000

38 1.00E+25 1.00E+00 1.0J5+00 1.0 1.920 1.000

39 1.00E+3) 1.00€¢00 1.00€E+0u 1.0 1.00 1.000

43 1.022+33 1.00E+00 1.00E*D) 1.0 1.20 1.000

1 1.00€+J2 1.00€E¢C0 1.008+300 1.0 1.00 1.000

42 1,00Z+23 1.00&+00 1.0J0€E+Q0 1.0 1.00 1.000

43 1.0JE+00 1.00E+00 1.00£+00 1.0 1.00 1.000

4e  1.0JE+J3 1.00E5+¢00 1.00%+00 1.0 1.00 1.200

45 1.00E5¢30 1.00£¢00 1.00€+Q3 1.0 1.00 1.000

4o 1,0CE+J3 1.00€+00 1.0JE+Q0 1.0 1.00 1.000

47  1.008+¢20 1.00E+00 1.00E+¢00 1.0 1.00 1.000

s 1,008+33 1.00€+C0 1.00E+00 1.0 1.00 1.000

49 1.002+00 1.00E+00 1.0J€E+Qy 1.8 1.03 1.000

53 1.03€+233 1.00€E+00 1,00€+00 1.0 1.00 1.000

51 1.008+00 1.058¢00 1.00E+00 1.C 1.08 1.000

52 1.00E+2J) '1.00%¢30 1.002E+00 1.0 1.00 1.000

53 1.00G€¢2) 1.J0E+Q0 1,235+ 1.6 1.3C 1.000

54  1.0JE*)) 1.00€+00 1.2J€+00 1.0 1.0C 1.000

55 1.00€+3) 1.0C0E*NJ 1.0JE+J0 1.0 1.00 1.000

56 1.30%+J3 1.00:5+00 1.0JE*QD 1.C 1.3C 1.0920

57 1.00E+2J 1.00Z¢00 1.00E+*DV 1.0 1.00 1.000

Sa 1.005+2J0 1.008+00 1.0JE+0J 1.0 1.00 1.030

5% 1.0J€43J 1.00£+¢00 1.00E+0QV 1.0 1.933 1.000

60 1.0uE+2] 1.00£¢00 1.20E+00 1.0 1.00 1.000

61 1.00%+33 1.00E+¢C0 1.0JE*D0 1.0 1.030 1.000

62 1.00E+J5 1.0GE+*00 1.00E+D2 1.0 1.00 1.900

63  1.00E+J5 1.0JE+J0 1.020€+03 1.9 1.00 1.000

6« 1.00UE*20 1.00E+0u 1.J00€E+D0 1.0 1.00 1.300

65 .0JE+33 1.002+¢00 1.05E8+20 1.0 1.00 1.000
1 156.250-0 1.320-0 817 FLUID
2 154.250-0 1.300-G SOURCES
23332vIu24¢IIT00333242033000I9000000920G002030323000000C30000000000000000000000000
1352 2.33335020 #19 SPECIFIED
131 98000.0302032130 PRESSURES
203330250335303933623232300350093900300000C30003000030030000006000000000000000000
1 1.0237322) #20 SPECIFIEQ
2 1.0353003¢0 TEMPERATURES
7393u2333200092020230232333903500030032003324030003000000006000000000300000000000000
o5 #21 OBSERVATION NODES

34 52 ok 72 Bl

1 1 3 o 2 #22 NODAL INCIDENCES
2 3 5 5 4
3 3 7 3 3
- 7 v 15 8
5 v 1 1¢ 13
[ " 13 Ta 1¢
7 13 15 15 K3
s L) 17 13 1o

386







UNIT-55

2.2000323503002+20
JD+Jd6
G3¢ds
32+Js
30+Jo
JD+ 00
32+Jo
3D+J0
G0+Jds
LN
32+26
JD*J>
J0+25
39+Js
Ji0*Jo
Jo+Js
30+ %6
32+Js
Q0¢00
J0+36
J0+Jo
3J2+33
30+05
J3+25
0n+25
J0+35
J0+25
J2+35
G0+3J5
J0+25
a0+35
J3+235
32+95
dn+35
2.000-20
3.0C3-00
J.060-24
3.002-20
3.030-20
3.002-3)
0.009-30
0.000-32
0.009-20
0.000-23
J.030+30
2.000-00
0.000-230
2.009-32
3.9209-29
0.030-20
0.032-20
3.939-30
7.039-32
0.332-230
3.000-20
7.332-34J
J3.050-02
3.000-30

32+9%0
50¢0e
J0+096
JD+0o
30+0o
J0¢de
J2+30
J32+J0
30+006
JD+0s
36+00
J0+06
JD+00
JD+0o
J2+Jo
3006
JD+Jo
J9+00
J0+0s
ap+05
3D+0S
JD+05
3005
J0+35
J0+05
0D+05
20495
J0+05
J0+05S
00+05
29+05
30¢04
3D+04
0.0200-00
0.300-30
0.230-30
0.000-930
0.002-00
0.300-00
0.300-00
0.000-00
0.000-00
0.0200-00
3.000-00
0.000-00
0.230-00
J.230-0¢C
0.000-00
0.7200-00
0.000-00
0.000-00
2.330-09
0.300-30
0.330-00
3.000-0C
0.030-03
0.000-00

388

JD+Je
33+J6
J0+Jeo
CD+06
JID*Jo
0D+0o
J0+0s
30+00
00+06
0D+Je
U0+06
G0+Je6
C0+J6
J0+06
30+96
0D+0s
J0+06
30+00
00+00
JD+05
d0+25
0D+0S
aD+05
00+05S
00+05
30+05
00+05
a0+35
00+05
J0+05
0D+905
0D+35
00+04
0.000-20
0.0J0-00
0.30D0-30
$.,000-00
0.000-90
0.000-00
0.030-20
0.,000-0C
0.000-00
0.000-922
0.000~00
0.00D0-00
0.030-00
0.000~-00
0.000-00
0.000-00
0.090-00
0.000-2Q
0.000-00
0.000-00
0.000-00
0.00C0-00
0.000-30
0.000-00

QD+06
JD+0o
JD+0>s
J0+3s
00+06
GD+0o
00+06
00+0o
0D+06
00+00
0D+00
30+0¢6
0D+00
30+06
go+06
J0+06
0D+00o
00+06
00+05
QD+05
0D+0S
00+05
QD+05
00+05
00+05
JD0+05
00+05
00+05
0D+05
00+05
00+04
0D+0¢&
QC+00
0.000-00
0.000-00
0.000-00
0.000-00
0.000-00
0.000~-00
2.000-00
0.000-00
0.000-00
0.000-03
0.000-00
0.000-00
0.000~00
0.000-00
0.000-00
0.000-00
0.000-00
0.000-00
0.000-00
0.200-00
0.000-00
0.00D0-00
0.000-00
0.000-00




9.905-24
. 3.902-232
» 0.032-34
: 2.099-20
- 3.009-93

. 0.9203-32
3.0630-32
0.932-22

s 3.902-20

J3.002-20
0.703-00
0.200-00
2.049-00
2.0J0-00
2.002-00
2.220-03
C.0U0=-00
J3.300-00

389

0.000-20
2.000-00
0.000-020
0.000-030
0.C30-2¢
0.000-30
0.030-030
0.000-00
0.000~-20

0.000-00
0.000-00
0.200-00
0.000-03G
0.9000-00
0.000-00
0.000-00
0.000-00
0.000~00
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Appendix D:
Output Listing for
Radial Energy Transport

Example
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